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Abstract 
For many decades, Open Burning/Open Detonation (OB/OD) has been used as a safe, effective, 
and economic way to demilitarize munitions for energetic material disposal. Field OB/OD air 
emissions have been very difficult to characterize because of rapid dispersion, short event dura-
tion, heterogeneous emission concentrations, large plume lift, soil entrainment, and explosive 
safety restrictions. Work on SERDP project WP-2153 is a continuation of work on SERDP pro-
ject WP-1672 “Feasibility of New Technology to Comprehensively Characterize Air Emissions 
from Full Scale Open Burning and Open Detonation” which was successfully completed in 
FY10. Work on SERDP WP-1672 determined that an aerostat-lofted instrument sampling pack-
age called the “Flyer” seemed to be a feasible measurement platform for determining emission 
factors for the OB of propellants and the OD of explosives.   

In order to meet the objectives of SERDP WP-2153, we conducted a field campaign to character-
ize air emissions from OB in pans of three propellants (M31A1E1, M26 and SPCF) and static 
firing of Sparrow rocket motors (containing ammonium perchlorate (AP) composite propellant). 
The field campaign occurred over a three week period from March 19 through April 7, 2011 at 
Tooele Army Depot, UT.  The research team also studied the feasibility of using the Flyer to 
characterize air emissions from soil-covered OD.  

During the field campaign, the Flyer was maneuvered into the OB and static fire plumes for 
sampling. The 46 lb (21 kg) instrument package was lofted with a He-filled balloon of 16 ft (4.9 
m) nominal diameter, maneuvered by two tethers connected to two vehicles. Continuous meas-
urements of CO2 and CO, and batch samples for particulate matter (PM10 and PM2.5), metals, 
HCl, perchlorate, chlorate, volatile organic compounds, and semi-volatile organic compounds 
allowed determination of emission factors. CO2 readings indicated that the Flyer was successful-
ly maneuvered into 90-98% of the OB plumes from pan burning of the three different propellant 
types and 92% of the static firing plumes.  

The resulting emission factors for PM10 and PM2.5 were very close suggesting that OB plumes 
generate mostly fine PM (PM2.5). The calculated emission factors were compared to the first year 
results and literature values for similar propellant types. The derived emission factors for Pb and 
Ba from SPCF and M26, respectively, were in the same range as the Pb emission factor from the 
first year study of M1 propellant during WP-1672. HCl was measured from the Sparrow rocket 
motor OB plumes with two different sampling methods, each resulting in comparable emission 
factors. The derived HCl emission factor was approximately ten times lower than found in the 
literature. Chlorate was also detected but was very close to the method reporting limit. No per-
chlorate and CO were detected for any of the propellants. Low levels of these emissions are ex-
pected with complete combustion of propellants.  
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1.   Introduction 

1.1 Project Overview 

U.S. Department of Defense (DoD) Installations, especially demilitarization facilities and Army 
Ammunition Plants, have long used Open Burning/Open Detonation (OB/OD) as a safe, effec-
tive, and economic means to dispose of propellants, explosives, and waste military munitions. 
DoD installations are required to comply with the Resource Conservation and Recovery Act 
(RCRA) to operate OB/OD facilities. RCRA permits provide annual limits on the amount of en-
ergetic materials that can be disposed of at OB/OD facilities. The permit limitations are based on 
human health risk assessments that include evaluation of risks from airborne exposure to emis-
sions generated from OB/OD. These assessments have used emission factors developed from 
open atmosphere testing as well as from a small-scale OB/OD chamber known as a BangBox®. 
Improvements to the methods and equipment for conducting open atmosphere air emissions test-
ing for OB/OD can help to continually validate these emission factors as well as produce a larger 
set of high quality emission factors that address known data gaps. Field OB/OD air emissions 
have been very difficult to characterize because of rapid dispersion, short event duration, hetero-
geneous emission concentrations, large plume lift, soil entrainment, and explosive safety re-
strictions. 

Work on SERDP project WP-2153 is a continuation of work on SERDP project WP-1672 “Fea-
sibility of New Technology to Comprehensively Characterize Air Emissions from Full Scale 
Open Burning and Open Detonation.” which was successfully completed in FY10. The project 
team conducted a field campaign at Tooele Army Depot, Utah, in March 2010. Emissions from 
OB of M1 propellant and uncovered OD of TNT were sampled over a three week period using a 
combination of air emission measurement systems. Close coordination with the DoD demilitari-
zation community enabled the research team to show the feasibility of some of the sampling sys-
tems and to produce useful data for demilitarization-related compliance issues and operations. 
Work on WP-2153 included OB emissions characterization of several propellants using a subset 
of the measurement systems employed in WP-1672. 

1.2 Objectives 

The objectives of WP-2153 were to:  

1. Provide innovative field scale measurement methods capable of obtaining representative air 
emission data and filling OB air emission factor data gaps.  

2. Conduct a field campaign to measure emissions of CO2, CO, PM10 and PM2.5, metals (e.g., 
Pb and Al), volatile organic compounds (VOCs), semi-volatile organic compounds (SVOCs), 
HCl, ClO3

-, ClO4
-, and other chlorinated compounds. 
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3. Compile OB and static fire field emission factor data and develop capability to measure 
emissions from field scale OB using single-, double-, triple-based propellants and the static-
firing of rocket motors containing aluminized ammonium perchlorate (AP) propellant.  

1.3 Background 

1.3.1 Previous OB/OD Emission Work 
Between 1961 and 1981, Ornellas conducted a series of bomb calorimeter detonation experi-
ments designed to determine how various factors affected the efficiency and effectiveness of the 
detonation process (Ornellas, 1982). His experiments established that the major reaction products 
from an unconfined detonation were N2, CO2, and H2O, and the minor products were CO, H2, 
CH4, NO, NO2, HCN, HCl, HF, and volatile organic compounds (VOCs). The first comprehen-
sive DoD study to characterize air emissions from real world OB/OD operations was conducted 
at Dugway Proving Grounds from 1984 through 1986. In 1988, the U.S. Army conducted a fol-
low-on study in the bang box at Sandia National Laboratories. Based on these test results, DoD 
concluded that the emission factors for the predominant emission products produced in the bang 
box emission tests were statistically equivalent to those produced in the Dugway Proving 
Grounds open range tests.  Similarities were also observed in data  produced by Ornellas, which 
showed that emission products did not change substantially, even when the quantity detonated 
increased 32,000 times. In 1992, the USEPA concurred with these DoD conclusions and agreed 
to accept bang box produced emission factors as representative of those that would be derived 
through ground level, open air detonation and burn tests. Work by (Lindsay et al. 1999) em-
ployed blimp sampling at Hill Air Force Base in 1998 and 1999 to characterize emissions from 
OD. The emissions were sampled via canisters, silica tubes, and Teflon filters suspended from 
the blimp for CO2, VOCs, chloride analyses, and particulate matter. The tests were partially suc-
cessful, showed the potential for this type of sampling platform, and the authors made significant 
suggestions for improvements.  

DoD has submitted draft AP-42 air emission data for OB/OD to USEPA (AP-42 2009). The sub-
mission package was put together under a Joint Ordnance Commander’s Group Demilitarization 
and Disposal Subgroup and DAC initiative and is in the final stages of review at the USEPA. 
However, USEPA is currently working on revising their procedures for submission and publica-
tion of all air emission factors, so JOCG Demilitarization and Disposal Subgroup and JOCG En-
vironmental Subgroup are working with USEPA to evaluate how past data, as well as current and 
future data such as that from this project, will be incorporated into these new procedures and sys-
tem. The supporting studies included testing on an open test range and in a BangBox® at 
Dugway Proving Grounds between 1989 and 1995 (U.S. Army, AMMCOM, 1992(a-f); Mitchell 
et. al., August 1998). The Naval Air Weapons Station China Lake also has an ongoing program 
for OB/OD air emissions research. 

The draft Chapter 16 of AP-42 contains tables showing emission factors and emission factor 
quality ratings for both OB and OD operations. The USEPA quality rating codes for the emission 
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factors range from A (excellent) to D (below average). A large majority of emission factors are 
rated C or better. Emission factors with a D rating include PM10 from OD and metals from OD. 
The proposed draft Chapter 16 has no emission factors for PM2.5 or any emission factor data for 
soil-covered OD. 

1.3.2 Summary of WP-1672 
WP-1672 consisted of in- situ and optical remote sensing (ORS) sampling, analysis, and moni-
toring (Kim et al., 2010). The final technical report is available at the SERDP/ESTCP web site 
(http://www.serdp.org/content/download/9560/122378/file/WP-1672-FR.pdf). The in situ sampling configu-
ration included fixed position samplers and airborne sampling. The aerial platform used a bal-
loon-lofted instrument package called the “Flyer.” The instrument pack was lofted with a He-
filled balloon and maneuvered by two tethers connected to two all-terrain-vehicles (ATVs). Con-
tinuous measurements of CO2 and co-sampled PM10, volatile organic compounds, and semi-
volatile organic compounds allowed the determination of emission factors through a carbon mass 
balance method.  

The ORS monitoring consisted of a system for gases and a system for PM that included: 1) ac-
tive and passive open-path Fourier Transform Infrared (OP-FTIR) spectrometers and Ultraviolet 
Differential Absorption Spectrometers (UV-DOAS), and 2) a hybrid-ORS that includes 
Micropulse LIght Detection And Ranging (LIDAR) (MPL) and in situ point measurements. The 
hybrid-ORS system was complemented with two Tapered Elemental Oscillating Microbalances 
(TEOMs) and anemometers. The first ORS system measured gaseous emissions with active and 
passive OP-FTIR and UV-DOAS. The hybrid-ORS system measured light extinction values with 
the MPL and real time PM10 concentrations with the TEOMs. The MPL was mounted on a posi-
tioner to scan “slices” of the plume in vertical directions. The TEOMs were placed on a scissors 
lift and raised about 30 feet off the ground. Wind speed and wind direction, the duration of each 
event, and the mass of energetic that was detonated or burned for each event were then used to 
determine gas and PM10  mass emission factors for OB and OD sources. 

Both in situ and ORS measurements have strengths and weaknesses in terms of their abilities to 
effectively sample or detect emissions in OB/OD plumes. The methods evaluated in WP-1672 
were designed to complement each other. During the field campaign, we experienced a wide 
range of weather conditions typical of Tooele Army Depot in March including rapid and drastic 
changes in wind direction and speed, strong solar radiation, and precipitation. The changing and 
unpredictable wind conditions were challenging and each measurement system was most effec-
tive under different conditions:  

• Aerial sampling by the tethered balloon was very effective during both low and high 
wind speeds. The mobility provided by the ATV arrangement and the use of highly 
trained aviation experts enhanced the sampling effectiveness.  

http://www.serdp.org/content/download/9560/122378/file/WP-1672-FR.pdf�
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• The MPL was effective under most conditions due to its ability to scan through complete 
vertical slices of the passing OB and OD plumes. Higher wind speeds limited the number 
of complete scans the MPL could make through the plume. 

• Ground-based ORS and TEOM plume detection and sampling effectiveness was en-
hanced at high wind speeds which held the plume close to the surface and greatly reduced 
at low wind speeds where thermal diffusion resulted in rapidly rising plumes with limited 
horizontal transport.  

For the OD of TNT, the PM10 emission factor derived from Flyer measurements was 0.13 lb/lb 
net explosive weight (NEW), the emission factor derived from the ORS-based PM measurement 
method was 0.20 lb/lb NEW, and the published emission factor is 7.2 lb/lb NEW (AP-42 2009). 
Although the ORS-based PM measurement method emission factor was almost twice that of the 
Flyer derived value, the two values were still remarkably close considering the fundamental dif-
ference in the two measurement systems. The published value is much higher indicating the po-
tential importance of local conditions on the amount of soil PM that can be entrained in an OD 
plume.  

For the OB of M1 propellant, the PM10 emission factor derived from Flyer measurements was 
5.7E-03 lb/lb NEW, the emission factor derived from the ORS-based PM measurement method 
was 6.5E-03 lb/lb NEW, and the published emission factor was 6.9E-03 lb/lb NEW (AP-42 
2009). This close agreement is strong evidence that both PM measurement systems used in the 
field campaign worked well for OB PM10 emissions. Although both PM measurement systems 
had success during the Tooele field campaign, the Flyer-based system was in general more flexi-
ble during all wind conditions and was chosen as the measurement system to characterize OB 
PM emissions for WP-2153. 

The emission factors for the two target gases (i.e., benzene and naphthalene) derived from Flyer 
measurements of OB and OD were quite close to existing published values (AP-42 2009). The 
Flyer was also able to measure other polycyclic aromatic hydrocarbons and these emission fac-
tors were again comparable to published values when they were available (AP-42 2009). These 
results and the proven capability of using the balloon to place the Flyer in the plume are strong 
indicators of the Flyer measurement system’s capability to accurately assess both volatile and 
semi-volatile organic gas emissions.  

In contrast, the ORS measurement systems were not able to detect the target gases and therefore 
no comparison could be made between the two types of gas measurement systems. The OP-FTIR 
was able to consistently detect CO and sporadically detect NO, NO2 ethylene, ammonia, and 
acetylene. The OP-FTIR was able to measure CO2 for most OB events but the correlation be-
tween CO and CO2 was very poor. For OD, very few of the plumes where CO was detected also 
had a corresponding CO2 detection. The emission factors derived from OP-FTIR measurements 
for CO were 8.1E-03 lb CO/lb NEW for OB and 6.0E-02 lb CO/lb NEW for OD. This corre-
sponds to 2.2 E-02 lb CO/lb C for OB and 1.6E-01 lb CO/lb C for OD and the published values 
for CO emission factors are 8.2E-04 lb CO/lb C for OB and 1.5E-01 lb CO/lb C for OD (AP-42 
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2009). The OD CO emission factor derived from the OP-FTIR measurements is very close to the 
published value while the OB CO emission factor is not. The UV DOAS detected NO in OB and 
OD plumes but provided no additional information when compared to the OP-FTIR data. The 
two passive FTIRs did provide results for some plumes but the results were often contradictory 
and the information provided no additional benefits beyond what we achieved with OP-FTIR. In 
general, the ORS monitoring for gasses produced poor or inconsistent results and the research 
team decided not to continue this type of monitoring for this proposed effort.  
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2.   Materials and Methods 
Prior to the field campaign at Tooele Army Depot, the USEPA sampling group developed a Qual-
ity Assurance Project Plan (QAPP) that described the propellants to be tested, the test range, test-
ing procedures, sampling methods, analytical methods, and emission factor development. The 
QAPP for WP-2153 is an addendum to the QAPP developed for WP-1672 and another addendum 
to the QAPP covers sampling and analysis methods for Cl species. The original QAPP is at-
tached in Appendix A, the WP-2153 addendum that was approved by our advisory group before 
the field campaign in Appendix B, and the Cl species QAPP in Appendix C.  

2.1 Ordnance and Test Range 

The air emissions from the OB of a single-base, a double-base and a triple-base propellant were 
characterized. The air emissions from the static firing of rocket motors containing an aluminized 
AP propellant were also characterized. These emissions characterization studies were done at the 
Tooele Ammunition Depot Test Range. These propellants and their composition are listed in Ta-
ble 2-1. As a comparison the table includes composition data from the M1 propellant tested dur-
ing WP-1672. 

Table 2-1. Notable features of selected propellants. 

Compound Triple base 
M31A1E1 

Double base 
M26 

Single base 
SPCF 

AP base 
Sparrow Rocket Motor 

Single base 
M1 (2010) 

 % % % % % 
Potassium (K) 0.56 0.27 0.45   
Chlorine (Cl)    23  
Lead (Pb)   0.78  0.78 
Aluminum (Al)    7.5  
Barium (Ba)  0.39    
Molybdenum (Mo)    0.29  
Iron (Fe)    0.44  
Carbon (C) 18 25 26 11 29 
SPCF – smokeless powder (SP) stabilized by ethyl centralite (C) that also contains a non-combustible flash inhibitor 
(F), AP – Ammonium perchlorate propellant with 0.64% w/w Fe2O3 
These propellants were selected by the U.S. Army Defense Ammunition Center (DAC) with cri-
teria of stockpile relevance, sampling method gaps, and emission factor data gaps. As shown in 
Table 2-1, notable features of the selected propellants are that the AP propellant contained 23% 
Cl and 7.5% Al, the SPCF and M1 contained 0.8% Pb, and the M26 contained 0.4% Ba. 

The propellants were placed in reusable metal pans situated on a concrete pad (~65 ft × 80 ft, 
~20 m × 25 m) then ignited (Figure 2-1). Each pan held a single propellant charge size of 212-
397, 333, and 220 lb [96-180, 151, 100 kg] for M31A1E1 (triple base), M26 (double base), and 
SPCF (single base) propellants, respectively. The charge size for the M1 propellant in 2010 was 
100 lb [45 kg]. Additionally, the Sparrow rockets contained 134 lbs [61 kg] NEW and 103 lbs 
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[47 kg] of AP (Figure 2-1D). Four rockets were lowered into an individual, below ground silo 
located at the Tooele Production Range then ignited sequentially, about 15 s apart.  

 

 

2.2 Aerostat Sampling Method 

An aerostat-borne instrument package named the “Flyer” was used to sample emissions from OB 
in pans and static firing of rocket motors. This aerial sampling method used one ground-based 
all-terrain vehicle (ATV) and one 4×4 wheel truck, each with an electric winch for the 1000 ft 
[305 m] tethers, to anchor and maneuver a helium-filled aerostat, which carried a Flyer (Figure 
2-2). A Kingfisher (K16N) 16×13 foot-diameter [4.9×3.9 m-diameter] helium aerostat lofted the 
46 lb [21 kg] Flyer in Tooele. The combination of two vehicles and two tethers permitted the po-
sitioning of the aerostat, and therefore the Flyer, at a specific location and height downwind of 
the burn pans and static fire silos. After the initiation of the burns, the Flyer was repositioned by 
controlling the electric tether winches. 

    

    
  

A 
  

C 

  
D 

  

B 

Figure 2-1. Reusable burn pans showing A) M31A1E1, B) M26, C) SPCF, and D) Sparrow 
rocket motor. 
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Figure 2-2. Aerostat with Flyer. 

A number of advances were made to the Flyer, for WP-2153 (Figure 2-3). Two Flyers were built; 
“Wilbur” and “Orville.” Both were constructed with a lightweight, aluminum frame structure. 
Wilbur includes an on-board computer, control software, and a wireless transmitter which allows 
the sampling to be controlled from the ground while incorporating “triggers” that control multi-
ple on/off switches. These triggers, for example, allow one to loft multiple summa canisters and 
trigger their valve opening at different CO2 concentrations. The added computer enables data 
storage like the original Flyer used for WP-1672 and enables the ground crew to monitor CO2 
concentration, battery life, and pressure drop across a filter. Monitoring these data remotely al-
lows maximization of flight time and optimization of sample collection by avoiding problems 
such as premature battery change outs or battery depletion and signaling the need for changing 
plugged filters. Orville contains WP-1672 Flyer technology but has been outfitted with a teleme-
try system to transmit data to a handheld station. The telemetry system enables the ground crew 
to monitor CO2 concentration, battery life, and pressure drop across a filter but not control the 
trigger settings from the ground. Both Flyers were updated with a stronger blower for sampling 
of semi-volatile compounds, and 48 V Li-ion batteries. The combination of the more complex 
Wilbur and the upgraded Orville allow us control and monitor from the ground level control cen-
ter while providing system redundancy in case of failures. 

The Flyer was configured for this project with a CO2 continuous emissions monitor (CEM), CO 
electrochemical cell, volatile organic compound (VOC) sampler using a Summa canister, semi-
volatile sampler using a polyurethane foam (PUF)/XAD-2 resin/PUF sorbent, PM10 and PM2.5  
filter sampler, HCl sampler using a filter and silica sorbent, perchlorate filter sampler, and a 
PM2.5  CEM sampler. The specific samplers used for each propellant were selected based on the 
anticipated emission products. Table 2-2 shows the specific emissions analyzed for each propel-
lant. In addition, the Flyer also has a global positioning system (GPS) on board to pinpoint posi-
tion and altitude. All sensor data and flow rates were logged to the on-board computer. 
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Figure 2-3. Two views of the Flyer with computer and wireless transmission. 

2.3 Testing and Sampling Procedure  

The Flyer was prepositioned downwind or in some cases straight above the propellant burn site 
with the aid of wind socks. The two vehicles equipped with electric winches and tethers were 
used to anchor and maneuver the Flyer. Vehicle drivers and all campaign participants were re-
quired to stay outside the safety zone away from the OB pans. The propellant burns were ignited 
one by one when winds blew towards the prepositioned Flyer. When necessary, the Flyer was 
maneuvered into the plume by reeling the tethers in or out, as guided by visual observations. The 
six to ten burn pans on the concrete pad contained 185-397 lb [84-180 kg] each of propellant 
(Table 2-2). The burn pans were positioned in two rows with three pans in each row for 
M31A1E1 propellant and two rows with two pans in each for M26 and SPCF propellant. When 
backup pans were available they were often prefilled with propellant to reduce the time between 
pan setups, (Figure 2-4). 

The procedure for sampling the plumes of the static rocket firing tests at the Production Range 
was only different in that no personnel were located at the winch controls during the burns. The 
aerostat and Flyer were prepositioned downwind inside the personnel safety distance. Personnel 
were evacuated to an observation bunker about 1/3 of a mile (~0.5 km) distance from the rocket 
motors, where the winches could be remotely controlled to optimize the location of the aerostat 
within the plume. Upwind personnel were in radio contact to guide the position of the aerostat 
with respect to the plume. The test matrix and sampled analytes are shown in Table 2-2. 
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Table 2-2. Test matrix. 

Date Propellant 
Pans x 
Charge 
size (lb) 

VOC SVOC PM10 PM2.5 HCl Perchlorate Continuous 
PM2.5 

3/22/2011 M31A1E1 6×212 X X X X    
3/23/2011 M31A1E1 16×212   

2×318 
1×185 
6×318 

X 
X 
X 

X 
X 
X 
X 

X 
X 
X 
X 

X 
X 
X 
X 

   
 
 
 

3/24/2011 M31A1E1 7×344.5 
2×371 
1×397 

 X 
X 
X 

X 
X 
X 

X 
X 
X 

  X 
X 
X 

3/26/2011 M26 14×333 X X X X    
3/28/2011 M26 6×333 

2×330 
X 
X 

X 
X 

X 
X 

X 
X 

   

3/29/2011 M26 18×333 
2×322 

X 
X 

X 
X 

X 
X 

X 
X 

   

3/30/2011 M26 9×333 
1×322 

 X 
X 

X 
X 

X 
X 

   

3/31/2011 SPCF 9×220 X X X X    
4/01/2011 SPCF 7×220 

23×220 
X X 

X 
X 
X 

X 
X 

   
X 

4/04/2011 SPCF 7×220  X X X   X 
4/04/2011 Ambient air X X X X X X  
4/06/2011 AP, 

Sparrow 
rocket 
motor 

12×133 X X X  X X  

X = sampled. 

  
Figure 2-4.  Concrete Burn Pad with six (left) and four (right) reusable burn pans. 

2.4 Emission Sampling and Analysis Methods 

2.4.1 Carbon Dioxide by NDIR CEM and Carbon Monoxide by Electrochemical Cell 
Carbon dioxide measurements were performed using a LI-COR Biosciences LI-820 non-
dispersive infrared (NDIR)-based CEM mounted on the Flyer. The LI-CORs use a 14 cm optical 
bench, giving an analytical range of 0-20,000 ppm, with an accuracy specification of <2.5% of 
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reading. The instrument was preceded by a filter for particulate matter removal prior to the opti-
cal lens. Signal averaging was set to 2 seconds per reading. The LI-COR Bioscience LI-820 
CEM was calibrated for CO2 on a daily basis according to USEPA method 3A (USEPA 2008) 
using a zero gas (100 % nitrogen), span gas (4500 ppm CO2), and gases of intermediate CO2 
concentrations (400 and 1500 ppm).  

Carbon monoxide was sampled continuously using a semi-real time monitor. An onboard CO 
sensor (Creative Solutions RCO1000) measured CO concentration by means of an electrochemi-
cal cell through CO oxidation. Output is linear from 0 to 1000 ppm at an operating relative hu-
midity range of 15-90%. The RCO 1000 was calibrated in the USEPA Metrology Laboratory pri-
or to trip departure at 0 to 80 ppm with +- 2 ppm error using USEPA method 3A (USEPA 2008). 
CO measured by flow through the chemical cell was corroborated by the measurement of a sam-
ple taken from the Summa canister system and analyzed via gas chromatography. 

2.4.2 Summa Canister Sampling for Volatile Compounds, Carbon Dioxide, and Carbon 
Monoxide 

2.4.2.1 Sampling Method 
Summa canisters (1 L capacity) were used for collection of volatile organic compounds (VOCs) 
via USEPA Method TO-15 (USEPA 1999a). Canisters were obtained from a commercial labora-
tory (Columbia Analytical Services - CAS) that could analyze for target analytes at low limits of 
detection. An electronic solenoid valve sampling system atop the Summa canister was opened 
and closed by the CO2 concentration trigger circuit at operator-set levels. An electronic pressure 
transducer and a pressure gauge was attached to the Summa canister which provided information 
on the status of the summa canister (i.e. empty, filling, or full) and the voltage equivalent of the 
Summa canister pressure was recorded on the onboard computer. The valve was followed by a 
15 µm frit filter in the stem of the Summa canister resulting in an approximate sampling time of 
15 seconds. 

Prior to deployment, the Summa canisters were checked at the USEPA metrology laboratories for 
valve function (opening and closing) and sampling time. Prior to each experiment, the Summa 
canister electronic valve functioning was checked to see if it opened and closed properly.  

2.4.2.2 Analytical Method 
The volatiles were analyzed using USEPA Method TO-15 (USEPA 1999a) with  selective ion 
monitoring mode GC/MS. A 0.4 L aliquot was pulled from the Summa canister and analyzed. An 
internal spiking mixture was added to the Lab control sample. All surrogate standard recoveries 
were within the method acceptance criteria of the CAS laboratory, e.g. the surrogate standard 
recovery for benzene was 88% which was within its method acceptance criteria of 66-103%. 

Each Summa canister sample was also analyzed for carbon dioxide and carbon monoxide by GC, 
utilizing USEPA Method 25C (USEPA 1996), in which an aliquot of the collected Summa canis-
ter sample was injected into a sample loop equipped GC/FID. The CO2 and CO surrogate stand-
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ard recoveries were 91 and 98 %, respectively, which are within the method acceptance criteria 
of the CAS laboratory: 71-123% and 73-132%, respectively.  

The data were background-corrected (BC) by subtracting the ambient air contribution to the 
sample:   

)3
Analyte

3
Analytei g/m( air Ambient)g/m(SampleAnalyte BC

ii
µµ −=  

2.4.3 Semi-Volatile Compounds 
2.4.3.1 Sampling Method 
Semi-volatile organics were sampled via USEPA Method TO-13A (USEPA 1999b) using a 
PUF/XAD-2 resin/PUF sorbent. The target analytes were the 16 EPA prioritized polyaromatic 
hydrocarbons (PAHs), nitrobenzene, and nitrotoluenes. The pre-cleaned XAD-2 resin sorbent 
was further cleaned at USEPA by solvent extraction with dichloromethane and drying with nitro-
gen to minimize contamination of the sorbent with the target analytes. This sorbent was delivered 
to the test site already mounted in the glass cartridge and was then inserted behind the fan. The 
sorbent was prepared for sampling by removing it from its shipping container, removing the 
aluminum foil wrapping, and inserting it in a cartridge holder mounted on a Windjammer brush-
less direct current (BLDC) blower (AMETEK). Semi-volatile sampling was performed using a 
BLDC low voltage blower for a nominal sampling rate of 0.65 m3/min. The blower was con-
trolled by the CEM CO2 trigger circuit or started from the ground via wireless control. Flow rate 
was measured by the pressure differential across a calibrated venturi. The venturi is a carefully 
calculated and constructed constrictor made and calibrated at the USEPA shop and Metrology 
Laboratory, respectively. As used here, it was mounted on the outlet of the BLDC semi-volatile 
sampler. A venturi has the property that fluid pressure through a constricted section of pipe is re-
duced. The fluid velocity must increase through the constriction to satisfy the equation of conti-
nuity, while its pressure must decrease due to conservation of energy. As such, a measurement of 
ΔP between the venturi’s inlet and constricted diameter body was used to calculate flow rate. In 
practice, a calibration curve was developed from ΔP and actual flow measurements. The voltage 
equivalent to this pressure differential was recorded by the data acquisition system. The USEPA 
Metrology Laboratory performed these measurements using the venturi’s matched transducer and 
data acquisition computer with a Roots meter. Following sampling, the glass cartridge (sorbent) 
was removed from the Flyer, wrapped in clean aluminum foil in order to seal the ends, returned 
to its shipping container, labeled, and stored at 4°C until delivered to the laboratory. 

2.4.3.2 Analytical Method 
The semi-volatile PUF/XAD-2 resin/PUF samples were prepared for analysis by solvent extrac-
tion with dichloromethane and then concentration by solvent evaporation. An internal standard, 
d8-naphthalene and other standards, were added to the sorbent before the sample was collected 
(Table 2-3). A deuterated recovery standard, D10-pyrene, was added before mass analysis. The 
internal standard recoveries were measured relative to the recovery standard and are a measure of 
the sampling train collection efficiency. Samples were analyzed utilizing full-scan mode. All in-
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ternal standard recoveries were between 46 and 132% (D8-Naphthalene was between 50 and 
85%). 

Table 2-3. PAH surrogates, composition and purpose. 
Spiking Solution Analytes Special Notes 

PAHs - Internal 
Standards 

D8-Naphthalene, D10-Acenaphthene, 
D10-Phenanthrene, D12-Chrysene, 
D12-Perylene 

Added to sorbent prior to 
shipment to field 

Recovery D10-Pyrene Added before mass analysis 

Trip and field blanks were collected and analyzed. The trip blank was taken from the laboratory 
to the test site and returned to the laboratory unopened. The field blank was used for sampling 
ambient air to determine background concentrations. Both samples were analyzed for levels of 
target analytes and used to calculate the emission factor. The data were background-corrected 
(BC) according to: 

)
) 3

AnalyteAnalyte3
i (m volume  Samplingair Ambient

ch)(ng/sandwi blank Trip-ch)(ng/sandwi air Ambient
(ng/m Analyte air Ambient ii=  

)
)

3
Analyte3

AnalyteAnalyte
i (ng/m air Ambient

(m volume volume  SamplingSample

ch)(ng/sandwi blank Trip-ch)(ng/sandwi Sample
Analyte BC

i

ii −=  

 

2.4.4 Particulate Matter and Metals 
2.4.4.1 Sampling Method 
PM2.5 and PM10 were sampled simultaneously using two size selective impactors (SKC, USA) 
with 47 mm tared Teflon filters (2 µm pore size) each with a SKC Leland Legacy sample pump 
with a constant airflow of 10 L/min. The internal flow sensor measured flow directly and acted 
as a secondary standard to constantly maintain the set flow. The volume display was continually 
updated, based on corrected flow rate multiplied by sampling time. The pump operation was con-
trolled by the CEM CO2 trigger circuit or wireless-started from the ground. The SKC Leland 
Legacy Sample pump was calibrated during the sampling campaign with a Gilibrator Air Flow 
Calibration System (Sensidyne LP, USA), which is a primary standard airflow calibrator.  

2.4.4.2 Analytical Method 
The filters were obtained from a commercial laboratory (CHESTER LabNet) that could provide 
tared filters and analyze for target metal analytes at low limits of detection. PM was measured 
gravimetrically as the difference between final and tare masses for each filter. The weighing of 
the filters followed the procedures described in (40 CFR Part 50, 1987). Calibration for deter-
mining mass of conditioned media was performed as described in Quality Assurance Guidance 
Document 2.12 (USEPA, 1998). The PM collected on Teflon filters was also used to determine 
concentrations of target metals: Pb, Ba, Al, K, Fe, and Mo. The metal analysis was determined 
by inductively coupled plasma according to USEPA Compendium Method IO-3.4 (USEPA, 
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1999c). An internal spiking mixture of the target compounds was added to the Chester control 
sample. All surrogate standard recoveries were 83-111% which was within the method ac-
ceptance criteria (80-120%). Ash from M31A1E1, M26, and SPCF was collected and analyzed 
for the target metals.  

2.4.5 Continuous PM2.5 
During some M31A1E1 and SPCF propellant burns, the PM2.5 concentration of the plume was 
continuously determined by a DustTrak 8520 on the aerostat. This instrument measures light 
scattering by aerosols as they intercept a laser diode. The aerosol concentration range for the 
DustTrak was 0.001-100 mg/m3 with a resolution of ±0.1% of reading, at a wind speed of 0-22.5 
mph (0-10 m/s). Sampling time was set to every second at a flow rate of 1.7 L/min. The addition 
of the DustTrak was opportunistic due to a loan of the instrument and was not part of the original 
measurement plan. 

2.4.6 Perchlorate, Chlorate, and HCl 
2.4.6.1 Sampling Method 
Perchlorate (ClO4-) and chlorate (ClO3-) were sampled using a modified method from (Lamm et 
al., 1999). The method consisted of sampling at a flow rate of 4 L/min through a 37 mm diameter 
mixed cellulose ester (MCE) filter (0.8 µm pore size) enclosed in a closed-face cassette (SKC 
Corporation). Perchlorate, chlorate, and chloride salts were captured as a solid on the filter, 
which assumes no perchloric acid formation. HCl was sampled in parallel by two different meth-
ods, as shown in Figure 2-5: 

1. Alkali-impregnated filter according to ISO Method 21438-2 (International Standard, 
2009). 

2. Silica gel collection according to NIOSH Method 7903 (U.S. NIOSH 1994). 

Methods for sampling HCl are primarily derived from those intended for sampling inhalable HCl 
to relate to exposure risk. Silica gel collection methods may undersample HCl mist, as particle 
size collection characteristics on the silica gel sorbent tube do not match the inhalable convention 
(Howe, et al 2006). Although  there are  unanswered questions about the relevance of these 
methods for the inhalable particle/droplet size (Howe, et al 2006), we were interested in efficient 
capture and quantification. HCl was sampled in parallel using alkali-impregnated filters follow-
ing the perchlorate filter and silica gel tubes (Lindsay et al. 1999). HCl gas is expected to pass 
through the perchlorate/chloride salt filter and be adsorbed by a second, quartz filter coated with 
Na2CO3. These coated filters are available in a cartridge from SKC Corporation. Any hydrochlo-
ric acid transiently collected on the initial filter is expected to rapidly evaporate and be collected 
along with the gaseous HCl (Howe, et al 2006). This method, including a prefilter followed by a 
Na2CO3-impregnated quartz filter, is consistent with a method from France (Institut National de 
Recherche et de Sécurité  2002) as cited in (Howe, et al 2006), which became a European stand-
ard method 2009 (International Standard 2009).  
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Figure 2-5. Sampling apparati for HCl, perchlorate, chlorate, and chloride salts. Filter method 1 (ISO 21438-
2) followed by an additional CO3 filter at the left, and silica gel method 2 (NIOSH 7903) followed by a 
CO3 filter at the right. 

2.4.6.2 Analytical Method 
Cassette samples and the pre-filter in the silica tube were dissolved/extracted in water, an internal 
standard added, and the solution analyzed for perchlorate with LCMS and chloride with ion 
chromatography as per USEPA Method 6850 (USEPA 2007). Samples were analyzed at Colum-
bia Analytical Services (CAS, NY). The perchlorate prefilter and Na2CO3 filter both were ana-
lyzed for target analytes prior to sampling at Tooele in order to establish their potential contami-
nation levels. Ambient air background levels were determined for perchlorate, chloride, and HCl. 
The chloride concentration on the MCE CO3 filter and the silica were multiplied by a factor of 
1.0284 in order to convert from anion (Cl-) to acid concentration (HCl) (International Standard, 
2009). 

2.4.7 Sampling Time 
The sampling time for the semi-volatile sorbent, PM10 and PM2.5 filter, HCl, and perchlorate fil-
ter/silica were all initiated with the same trigger circuit. The durations, therefore, were identical 
and the cessation of sampling was based upon the CO2 concentration falling back below the trig-
ger level since this lowering of the CO2 concentrations indicate the passage of the plume. The 
sampling duration was different for the Summa canister since it was initiated with a separate CO2 
trigger concentration. A higher CO2 trigger was used for the Summa canister to insure that sam-
ple was gathered near the peak concentration of the plume. When the canister filled to approxi-
mately 80%, it would cease to collect sample. 

2.4.8 Calculation of Emission Factors 
Values of CO2 concentration from the CEM and Summa canisters were used to calculate a co-
sampled carbon concentration, permitting conversion of analyte concentrations to emission fac-
tors by the carbon mass balance method. In this method, the ratio of the sampled target analyte 
concentration to the total sampled carbon (represented by CO2) is related back to the initial ord-
nance weight through knowledge of the carbon concentration/carbon fraction in the original ord-
nance and the assumption of 100% oxidation of the carbon. In all emission factors, the back-
ground concentration of the target analyte, determined from Flyer-based instruments and ground-
based upwind instruments, is subtracted from the measured amount.  

MCE filter

CO3 impregnated 
MCE filter

Inlet

Outlet

CO3 impregnated 
MCE filter

Inlet

Outlet

FilterSilicaMethod 1 Method 2 
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Emission factors were calculated according to (AP-42 2009): 

j

ij
ci C

Analyte
fEF ×=   where: 

EFi = Emission Factor for target analyte i (lb/lb NEW). 
fc = mass fraction of carbon in the ordnance. 
Analyteij = background-corrected concentration (lb analytei/ft3) of the target 
analyte i collected from the volume element j of the plume. 

Cj = background-corrected concentration of carbon (lb C/ft3) collected from 
volume element j of the plume (carbon calculated from CO2 from either the 
CEM or the Summa canister). 

Likewise, environmental fate factors (16), which yield the fraction of conserved 
species present in the emissions compared to that present in the ordnance were 
calculated: 

 
j

ij
i C

Analyte
EFF ×=

i

c

f
f

      where: 
EFFi = Environmental Fate Factor for target analyte i (emissions analyte I in 
lb/lb i in ordnance). 
fc = mass fraction of carbon in the ordnance. 
fi = mass fraction of analyte i in the ordnance 
Analyteij = background-corrected concentration (lb analytei/ft3) of the target 
analyte i collected from the volume element j of the plume. 

Cj = background-corrected concentration of carbon (lb C/ft3) collected from 
volume element j of the plume (carbon calculated from CO2 from either the 
CEM or the Summa canister). 
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3.   Results and Discussion 
The Flyer successfully sampled emissions from 94% of the 139 open burns of propellant and 
92% of the 12 static fires (Figure 3-1), as determined by the number of times that the CO2 con-
centration exceeded the ambient air CO2 concentration. Each measured exceedances of the ambi-
ent CO2 concentrations was referred to as a “hit.” “Misses” were due to unanticipated plume 
paths, primarily due to wind shifts. The average in-plume sampling time was approximately 22 
seconds for OBs and 7 seconds for the static fires (Table 3-1). The OB hits are slightly higher 
than in 2010 while the ΔCO2 values are similar (Table 3-1). The total number of samples collect-
ed for each propellant is shown in Appendix D. 

Table 3-1. Sampling summary. 

 M31A1E1 M26 SPCF AP Sparrow Rocket 
Motor 

M1 
(2010) 

No. of burns 41 52 46 12 60 

No. of hits 40 47 43 11 51 

Hits (%) 98 90 93 92 85 
Avg. plume sampling 
time (s) 24 19 23 7 18 

∆CO2 (ppm) 494 505 421 104 463 
 

  

  
Figure 3-1. Open burns of A) M31A1E1, B) M26, C) SPCF, and D) static fire of Sparrow rocket motor 

A B 

C D 
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3.1 Carbon Dioxide and Carbon Monoxide 

The highest in-plume CO2 concentrations obtained for each of the studied propellants are shown 
in Figure 3-2. No CO was detected using the semi-continuous electrochemical cell for any of the 
propellants. This was likely due to the short sampling time in each plume, the minimal CO con-
centration present, and the long response time required for the cell (~90 seconds) relative to the 
duration of the sampler in the plume.  

  

  
Figure 3-2. In-plume CO2 concentration traces (uncorrected for ambient) for each of the propellants. 

3.2 Summa Canister Sampling for Volatile Compounds, Carbon Dioxide, and Carbon 
Monoxide 

The short plume residence times for the Flyer meant that multiple plume samples were necessary 
in order to fill the Summa canister with a composite sample. The improved Summa canister 
sampling valve (from that used in 2010) worked well as shown by Figure 3-3, i.e. the valve 
turned on and off at the set CO2 trigger level and no leaks occurred between openings. The aver-
age delta CO2 concentrations as well as VOC emission factors are shown in Table 3-2. In general 
good agreement is noted for VOC values with 2011 and 2010 reported levels. However, none of 
the three Summa canister samples of the SPCF had detectable levels of benzene (detection limit 
0.56 µg/m3). Agreement for trace organic concentrations between the propellants was quite good, 
lending confidence in the methods. No CO was detected in any of the Summa canisters (MRL = 
8 ppm), perhaps due to the small sample size. Very low levels of CO would be expected with 
complete combustion of the propellants. Benzene and several other compounds from the ambient 

250

1250

2250

3250

4250

5250

6250

15:55:00 15:55:17 15:55:33 15:55:50 15:56:06 15:56:23

CO
2

co
nc

en
tr

at
io

n 
(p

pm
)

Local Time

M31A1E1 CO2 (ppm)

250

1250

2250

3250

4250

5250

6250

15:23:21 15:23:36 15:23:51 15:24:06 15:24:21

CO
2

co
nc

en
tr

at
io

n 
(p

pm
)

Local Time

M26 CO2 (ppm)

250

750

1250

1750

2250

2750

3250

11:34:44 11:34:59 11:35:14 11:35:29 11:35:44

CO
2

co
nc

en
tr

at
io

n 
(p

pm
)

Title

SPCF CO2 (ppm)

250

350

450

550

650

750

850

9:56:33 9:56:43 9:56:53 9:57:03

CO
2

co
nc

en
tr

at
io

n 
(p

pm
)

Title

Static Fire, AP CO2 (ppm)



19 

air background samples were below detection limits1

  

 in this year’s sampling. A smaller (1 L) 
Summa canister was used for WP-2153 than the 6L one used for WP-1672. The smaller sampling 
volume may have limited our ability to detect these trace compounds even at high CO2 concen-
trations in the plumes. Results for each summa canister collected for each propellant is shown in 
Appendix D. 

 

Figure 3-3. The Summa canister pressure (Dp) decreases when the valve is open at the CO2 concentration 
above or equal to the 1000 ppm trigger level and the Dp is stable between plumes (no leak). 

Table 3-2. VOC sampling results and average emission factors.  

 M31A1E1 M26 SPCF AP Sparrow Rocket 
Motor 

M1 
(2010) 

∆CO2 (ppm) 403 678 427 20 452 
STDV (ppm) 195 757 243 NA 537 
CO (ppm) ND ND ND ND NS 
Benzene (lb/lb Carbon) 1.1E-05 1.1E-05 ND ND 1.6E-05 
Toluene (lb/lb Carbon) 2.3E-04 6.7E-06 4.2E-06 4.1E-05 1.8E-06 
Ethylbenzene (lb/lb Carbon) 2.2E-05 9.8E-06 8.7E-06 ND 1.4E-06 
Xylene (lb/lb Carbon) 1.3E-04 2.5E-05 4.1E-05 1.1E-04 3.8E-07 
1,2,4-Trimethylbenzene (lb/lb 
Carbon) 3.4E-05 1.4E-05 4.3E-05 5.6E-05 NS 

* ND – Not detected, ND values were ignored when calculating the emission factor. NA – Not applicable. NS – Not 
sampled. (NOTE – Changed ethylbenzene SPCF value should be 8.7E-06 based on Table D8) 

3.3 Semi-Volatile Compounds 

SVOC results are shown in Table 3-3. Due to the short sampling duration of each burn, multiple 
events were used to create single, composite samples for semi-volatiles (PUF/XAD-2 res-
in/PUF). These single samples were obtained by reusing the same sorbent media during multiple 

                                                      
1 Detection limit – the minimum concentration at which an analyte can be detected above the instrument’s back-

ground noise 
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sequential events. Two semi-volatile composite samples were collected from each propellant for 
OB and one from static fire. The ambient air concentrations were at the same level as last year 
and the plume concentrations were at least five times higher than the ambient air concentrations. 
Results for each SVOC sample collected for each propellant are shown in Appendix D. 

Table 3-3. PAH Emission Factors in lb/lb Carbon*. 

Compound 
M31A1E1 M26 SPCF AP Sparrow 

Rocket Motor 
M1 

(WP-1672) 

lb/lb Carbon lb/lb 
Carbon 

lb/lb 
Carbon lb/lb Carbon lb/lb  

Carbon 
Nitrobenzene 4.0E-06 1.4E-07 ND ND NS 
Nitrotoluenes 2.1E-07 ND ND ND NS 
Naphthalene 6.7E-06 1.2E-07 1.0E-07 8.4E-07 2.8E-07 
Acenaphthylene 2.1E-07 2.9E-08 2.1E-08 5.3E-08 3.2E-08 
Acenaphthene 1.2E-07 8.5E-08 9.3E-09 ND ND 
Fluorene 5.9E-07 3.3E-08 3.1E-08 1.6E-07 2.5E-08 
Phenanthrene 6.1E-07 6.2E-08 1.0E-07 5.5E-07 ND 
Anthracene 4.8E-08 3.8E-09 7.4E-09 5.7E-08 ND 
Fluoranthene 8.2E-08 1.7E-08 2.0E-08 1.9E-07 ND 
Pyrene 6.4E-08 1.2E-08 1.6E-08 ND ND 
Benzo(a)anthracene ND ND ND ND ND 
Chrysene ND ND 9.3E-09 ND ND 
Benzo(b)fluoranthene ND ND ND ND ND 
Benzo(k)fluoranthene ND ND ND ND ND 
Benzo(a)pyrene ND ND ND ND ND 
Indeno(1,2,3-cd)pyrene ND ND ND ND ND 
Dibenz(a,h)anthracene ND ND ND ND ND 
Benzo(ghi)perylene ND ND ND ND ND 

* ND – not detectable. The number of values that derived each EF is shown in Appendix D.  

3.4 Particulate Matter and Metals 

Multiple burn events were used to create a single composite PM10 and PM2.5 sample. Two PM10 
and PM2.5 filter samples were collected for each propellant, with the exception of M31A1E1 
(three filters) and AP (a single filter, only PM10). The propellant emission factors for PM10 and 
PM2.5 were very similar (a maximum factor of 4) as were the coefficients of variance and relative 
percent difference as shown in Table 3-4. This suggests that the majority of the mass was less 
than 2.5 µm in size (PM10 mass includes PM2.5) and also shows the reproducibility of the method 
and the similarity between propellants. The PM10 emission factor for the propellants studied this 
year was similar to last year’s propellant (M1), Figure 3-4, suggesting relative consistency be-
tween propellants undergoing OB. The Sparrow rocket motor (AP propellant) had the highest 
PM10 emission factor.  
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The metal emission factors are shown in Table 3-5.  About 80% of the Pb in SPCF was account-
ed for by the PM10 plume sample and, since the values for PM10 were virtually the same as 
PM2.5, virtually all of the captured Pb was in the fine PM fraction. The same conclusion can be 
drawn for Ba in M26.  For the Sparrow rockets, the Al environmental fate factor shows that only 
16% of it was accounted for by the PM10 plume sample (literature BangBox® data show this 
value to be only 5.5%) (AP-42 2009). This may suggest that either particles larger than PM10 
were formed or that the PM segregated from the CO2 in the plume prior to reaching the sampler. 
In either case, these particles would not have been collected by the PM10 sampler. Results for 
each PM sample collected for each propellant are shown in Appendix D. 

Table 3-4. Emission factors for PM10 and PM2.5 in lb/lb NEW.* 

 M31A1E1 M26 SPCF AP Sparrow Rocket 
Motor 

M1 
(2010) 

PM10 4.0E-03 1.1E-02 1.4E-02 1.5E-01 5.7E-03 
CV/RPD 12 2 5   

PM2.5 3.6E-03 1.1E-02 1.5E-02 NS NS 
CV/RPD 11 11 1   

 
Table 3-5. Emission factors for metals in lb/lb metal* 

 M31A1E1 M26 SPCF AP Sparrow Rocket 
Motor 

M1 
(2010) 

K (PM10) 0.16 0.67 0.53 NS NA 

      
CV/RPD 13 3 9   
K (PM2.5) 0.15 0.67 0.53 NS NS 
CV/RPD 14 3 7   
Ba (PM10) NA 0.67 NA NA NA 
RPD  1    
Ba (PM2.5) NA 0.64 NA NS NS 
RPD  1    
Pb (PM10) NA NA 80 NA 0.55 
RPD   5   
Pb (PM2.5) NA NA 0.78 NS NS 
RPD   5   
Al (PM10) NA NA NA 0.16 NA 
Fe (PM10) NA NA NA 1.19 NA 
Mo (PM10) NA NA NA 1.68 NA 

* CV – coefficient of variance (only M31A1E1), RPD – relative percent difference (all others), NS = not sampled. 
NA – Not analyzed. The number of values that derived each EF is shown in Appendix D. 
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Figure 3-4. PM2.5 and PM10 emission factors for the different propellants. Error bars denoted 1 STDV for 

M31A1E1 and relative difference for M26 and SPCF.  

 
Depending on the propellant, about one third to virtually all of the K in the propellants are ac-
counted for in the emission measurements. K also shows up in the Sparrow rocket samples de-
spite the lack of K present in the propellant.  This may be due to the general ubiquitousness of K 
in the environment. 

While care was taken to sweep out the pans between propellants burns, the propellant residue 
(ash) was analyzed in order to establish any possible carryover of metals between propellants 
(Table 3-6). While K was present in all three propellants, its concentration in the ash does not 
increase throughout the testing (the propellants were tested in the order shown) indicating little 
propellant to propellant contamination. Some Ba carryover into SPCF from M26 seems to have 
occurred although the testing order was not specifically designed to evaluate carryover effects. In 
the future, this issue should be examined in more detail for OB.   

Table 3-6. Metal content in propellant ash and percentage of metal in propellant. 
 M31A1E1 M26 SPCF 

 Ash 
(mg/kg) 

Propellant 
(%) 

Ash 
(mg/kg) 

Propellant 
(%) 

Ash 
(mg/kg) 

Propellant 
(%) 

K 96900 0.56 43800 0.27 84100 0.45 
Ba 6.8 NA 112000 0. 39 13500 NA 
Pb 151 NA 2790 NA 155000 0.78 
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3.5 Continuous PM2.5  

While not part of the original test plan, opportunistic continuous PM2.5 was measured for SPCF 
and M31A1E1 propellants. As shown in Figure 3-5 for SPCF, the CO2 and PM2.5 traces followed 
each other suggesting consistency in the PM2.5 to CO2 ratio. For some of the M31A1E1 burns, 
the combustion was poor at the start which resulted in a white, smoky plume. This initial smoky 
plume contained a much higher concentration of PM2.5 than the subsequent plume which was 
almost visually indiscernible. There is no clear reason for this difference. These two portions of 
the same plume are shown graphically and pictorially in Figure 3-6.  

 
 

Figure 3-5. Continuous PM2.5 and CO2 trace for SPCF propellant. 

  

  

Figure 3-6. Continuous PM2.5 and CO2 trace for a single M31A1E1 propellant burn with an initial smoky 
plume (left) and subsequent invisible plume (right). 
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Figure 3-7 plots the simultaneous continuous PM2.5 and CO2 concentration for one test of SPCF. 
The strong correlation suggests minimal variation between PM2.5 and CO2 throughout the plume; 
the PM and gas distribute rather consistently on average. The continuous PM2.5 method com-
pared reasonably well with the batch PM2.5 values. The 7-plume SPCF PM2.5 value from the 
DustTrak was 5.0 mg/m3, whereas the average of the M31A1E1 39-plume PM2.5 values was 12 
mg/m3.  

 
Figure 3-7. Continuous PM2.5 and CO2 concentration for one test of SPCF 

3.6 HCl and Perchlorate 

Two composite Cl samples were collected simultaneously from static firing of twelve Sparrow 
rocket motors containing AP propellant. The limited number of AP tests was due to the unavaila-
bility of propellant for pan burning. The Sparrow rocket motor firing was opportunistic at the 
nearby Production Range. Two Cl samples were analyzed, one for each of the two modified 
sampling methods (Figure 2-5): 

1. Alkali-impregnated filter according to ISO Method 21438-2 (International Standard, 
2009). 

2. Silica gel collection according to NIOSH Method 7903 (U.S. NIOSH 1994). 
 

For both of these methods, the last CO3 filter in series had concentrations that were close to the 
MRL, which suggests that no breakthrough of chlorides occurred. The chloride concentration on 
the two first filters for method 1 and the silica gel for method 2 was ~10 times higher than the 
MRL. No perchlorate concentration was detected, however, chlorate was detected but it was very 
close to its MRL. Low levels of these emissions are expected with complete combustion of the 
propellants. HCl and chlorate ambient air concentrations were very low and close to the MRL 
even though the sampling time was 1-2 hours. The plume sample was only collected for 1 minute 
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but the HCl and chlorate plume concentrations were 1000 and 10 times higher than the ambient 
air concentrations, respectively.  

Table 3-7 compares the HCl, perchlorate, and chlorate concentrations measured by the two sam-
pling methods and Table 3-8 compares the EFs.  The HCl concentrations in the plumes and re-
sulting emission factors were very similar even though two different methods were used. Inter-
estingly, only 15 to 19% of the propellant Cl was collected as HCl (Table 3-8). When the PM-
bound chloride is added, the Cl environmental fate factor suggests that less than half of the Cl 
ends up in the plume. This is contrary to BangBox® data where over 90% of the Cl was detected 
as HCl. However, the BangBox® and static fire situations are very different fuel configurations 
and are probably not a good comparison. This is also the first time HCl was ever successfully 
sampled from a static fire (previous attempts by others failed to detect any HCl) and then only 
from a single static firing series. The limited Al recovery (16%) and Cl recovery suggest that the 
fate of these emission products need additional study.  

Table 3-7. HCl, particulate chlorides, perchlorate, and chlorate concentrations from AP.* 

Sampling method 
Chlorides  from 

particulates 
(mg/m3) 

HCl 
(mg/m3) 

HCl 
(ppm) 

Perchlorate, ClO4
- 

(mg/m3) 
Chlorate, 

ClO3
- (mg/m3) 

Filter, ISO 21438-2 42 21 13 ND 0.0003 

Silica, NIOSH 7903 ND 26 16 ND ND 

MRL 3.5 2  0.0005 0.0005 
* ND – Not detected. MRL – Method reporting limit. 

 
Table 3-8. HCl, perchlorate, and chlorate emission factors from AP.* 

Sampling method HCl Perchlorate, ClO4
- Chlorate, ClO3

- 

Filter, ISO 21438-2 (lb/lb NEW) 0.034 ND 4.6E-06 

Filter, ISO 21438-2 (lb/lb Cl) 0.15 ND 2.0E-06 

Filter, ISO 21438-2 (lb/lb C)# 0.32 ND 4.9E-06 

Silica, NIOSH 7903 (lb/lb NEW) 0.043 ND ND 

Silica, NIOSH 7903 (lb/lb Cl) 0.19 ND ND 

Silica, NIOSH 7903 (lb/lb C) 0.41 ND ND 
* ND – Not detected. #Values included for reference to the carbon balance method.   
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3.7 Emission Factors versus Literature Values  

Table 3-9 compares this work’s PM10, benzene, naphthalene, Pb, and HCl emission factors with 
those from the literature. The PM10 data for each propellant type are within a factor of 2 or 3, ex-
cept for the M31A1E1 for which the literature value is 200 times higher than the Flyer value. 
This difference could depend on the burn behavior of M31A1E1 as shown in Section 3.5. The Pb 
environmental fate factors derived from this year’s study (SPCF) and last year’s study (M1) were 
also very similar (factor of 2).  
 
Table 3-9. Emission factor comparison; derived emission factor (“Flyer Open Test Range”) versus published 

emission factor (Literature Bang Box and Open Test Range) (AP-42 2009) 
Propellant 

type 
Propellant Data 

source 
Test 
type 

PM10 

(lb/lb NEW) 
Benzene 
(lb/lb C) 

Naphthalene 
(lb/lb C) 

Pb EFF 
(lb/lb) 

HCl EFF 
(lb/lb) 

Single base SPCF Flyer OTR 1.4E-02 ND 1.0E-07 8.0E-01 NS 
M1 Flyer OTR 5.7E-03 1.6E-05 2.8E-07 5.5E-01 NS 
M1 Lit. OTR 6.9E-03 1.4E-05 6.3E-08 BDL NS 

Double base M26 Flyer OTR 1.1E-02 1.1E-05 1.2E-07 NS NS 
M9 Lit. BB 1.6E-02 1.2E-05 BDL NS NS 

Double-
base A Lit. BB 1.9E-02 BDL BDL 6.3E-01 NS 

Triple base M31A1E1 Flyer OTR 4.0E-03 1.1E-05 6.7E-06 NS NS 
M31A1E1 Lit. BB 9.1E-01 BDL BDL NS NS 

AP based 
composite 

Sparrow 
rocket 
motor 

Flyer OTR 1.2E-01 ND 8.4E-07 NS 1.7E-01 

Al AP Lit. BB 4.2E-01 BDL BDL NS 9.4E-01 
* OTR – open test range. BB – BangBox®. ND – Not detected. NS – not sampled. BDL – below detection limit.  
EFF – Environmental Fate Factor.  

3.8 Open Detonation Trials 

Initial trials of soil-covered OD without measurements were undertaken in order to understand 
the sampling challenges for future work. The soil-covered tests detonated either two or four anti-
tank mines to understand the shrapnel fragmentation, soil debris, and pressure wave impacts on 
the aerostat. The two mine detonations used 50 lbs NEW and the four mine detonations used 100 
lbs NEW. An ad hoc blast shield consisting of two or more 4 ft x 8 ft oriented strand boards and 
multiple sand-bag-laden pallets was placed 60 ft from the covered detonations (Figure 3-8). The 
blast shield separated the line of sight between the detonation and a 30 ft x 30 ft plastic tarp an-
chored to the ground 180 ft from the detonation site. The tarp served as the location marker for 
the aerostat that would be anchored to the ground before being released to the plume after deto-
nation. The ad hoc blast shield protected the tarp from direct hits but debris falling in an arc, in-
cluding stones and several pieces of hot shrapnel, hit the tarp. The indirect stones are likely in-
consequential but the shrapnel was hot enough to melt through the plastic. A special fabric has 
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been identified which will likely serve as a tent or shroud to protect the aerostat on occasions 
when the aerostat is released after detonations.  

 
Figure 3-8. Covered detonation crater from a 50 lb NEW anti-tank mine detonation, ad hoc blast shield, and 

shrapnel/debris tarp (background, left, on ground). 

3.9 Additional Methods Development 

Testing of AP-based propellants in burn pans was precluded by the inability to obtain the propel-
lant in time for testing. In lieu of that, opportunistic sampling was conducted at the Production 
Range for the static fire of AP-containing Sparrow rocket motors. This field sampling using the 
filter and silica gel methods was apparently successful, but only a single series of rocket motor 
firings were sampled (results are reported above). Further, the potential for breakthrough of the 
analytes could not be assessed. Additional laboratory work was identified to allow methods de-
velopment with parallel samplers, control of flow rates, sample size, and simultaneous methods 
evaluation. Work on HCl testing will be done in 2011 at the USEPA facilities at Research Trian-
gle Park and small charge (5-25 g) AP burns will be done at the U.S. Navy’s Naval Surface War-
fare Center in Indian Head, Maryland. This work is only for method development and is intended 
to provide a source of the target analytes but is not meant to simulate the actual field combustion 
process. Additional field work with static firing of AP-containing propellants seems necessary to 
clarify the very low Cl and Al balance.  
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4.   Conclusions  
Overall, the study was successful in determining the feasibility of the deployed measurement 
systems. The field campaign and its data analysis results clearly indicated that many of the de-
ployed systems can become powerful tools to characterize air emissions from field OB opera-
tions.  

Emissions were successfully collected from OB in pans of three propellant types (M31A1E1, 
M26, and SPCF) and static firing of Sparrow rocket motors containing AP. The sampling method 
consisted of positioning an aerostat-lofted instrument and sampling apparatus into the burn 
plume. The Flyer sampling package included measurements of CO2 and CO, co-sampled PM10 
and PM2.5, metals, HCl, perchlorate, chlorate, volatile organic compounds, and semi-volatile or-
ganic compounds, allowing determination of emission factors based on the propellant weight. 
The Flyer successfully sampled emissions from 94% of the 139 open burns of propellant and 
92% of the twelve static fire events. The resulting emission factors for PM10 and PM2.5 from OB 
were very close for each propellant suggesting that PM generated from OB is mostly fine partic-
ulate matter (PM2.5). The PM10 and PM2.5  emission factors were also similar to each other for the 
single, double, and triple base propellants, whereas the PM10 emission factor from the static fire 
of rocket motors (AP propellant) was about 10-fold higher than propellant OB in pans. The de-
rived emission factors of Pb and Ba from SPCF and M26, respectively, were in the same range as 
the Pb emission factor from the WP-1672 study of M1 propellant. Methods based on indoor air 
and personal samplers were employed to measure Cl species with two different sampling meth-
ods; results from both methods were similar. Preliminary results suggest that the methods are 
working. While HCl was successfully sampled for the first time from a static fire, the Cl recov-
ery did not agree with BangBox® values, likely due to propellant differences. Chlorate was also 
detected but was very close to the method reporting limit. No perchlorate and CO were detected 
for any of the propellants. Only a very limited number of static fire events were sampled and ad-
ditional work is necessary to close material balances for Cl and Al. Lastly, trial detonation tests 
identified the potential safety issues and strategies for air characterization from soil-covered det-
onations.    

All test plans and reports have been provided to the Joint Ordnance Commanders Group Demil 
Subgroup Chairman for appropriate coordination within DoD and EPA as dictated in the Open 
Burning Open Detonation Emissions Factor Protocol (Joint Conventional Ammunition Policy 
and Procedure #7). Data obtained from this study will greatly assist DoD in performing health 
risk assessments and obtaining permits for their OB/OD operations. 
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Introduction 
 
This is an addendum to the QAPP entitled “Determination of Emission Factors from Open Burning and Open 
Detonation of Military Ordnance” allowing for additional work scheduled for Spring, 2011.   The Department 
of Defense’s Strategic Environmental Research and Development Program (SERDP) has awarded second year 
funding to further pursue development of methods for emission characterization of open burning of military 
propellants.  This additional work will focus on multiple propellant types whose composition varies from that 
of the first year propellant, M1.  Tests this year will develop and test additional methods of sampling to 
characterize these propellants and are based on input from the U.S. Army’s Defense Ammunition Center 
(DAC) and their advisors.  New target analytes this year will include perchlorate, chloride, and hydrogen 
chloride from Cl-containing propellants and additional metals (e.g., Ba) from other propellants.   In addition, 
repeat samples and analyses will be conducted to further develop these sampling methods.  All tests will be 
conducted at the Tooele (Utah) Army Depot test range, the site of the 2010 tests. 
 
This addendum is meant as an addition to the cited QAPP.  Differences in test materials, target analytes, 
sampling and analytical methods, and burn procedures are included. 
 
Schedule 
 

February 18, 2011 Draft QAPP Addendum submitted to EPA and to 
U.S. Army DAC 

March 4, 2011 QAPP Reviewed 
March 20, 2011 Team arrives in Tooele 
March 21 – April 8, 2011 Field Testing 
August, 2011 Draft report 
September, 2011 Final report 

 
 
Propellants  
 
Five Propellants will be tested by Open Burning (OB).  These propellants and their composition are listed in 
Table A1.  This table is an amendment to Table 3-1, “Composition of OB and OD Ordnance,” in the original 
QAPP.  These propellants were selected by the U.S. Army DAC with criterion of stockpile relevance, method 
gaps, and emission factor data gaps. Two propellants (of three currently listed) will be selected for their 
composition of ammonium perchlorate (over 65% by mass).  Their OB plumes will be sampled for 
perchlorate, HCl, and chloride salts.  Three propellants were also selected that represent single, double, and 
triple base compositions.  Two of these, M31A1E1 and SPCF, contain metals (barium and lead, respectively) 
which will enable testing of PM-based metal capture and detection.  Note: selection of the ammonium 
perchlorate propellants is not finalized; these three are examples of potential candidates.  At least two 
perchlorate-based propellants are targeted for testing. 
 
Charge sizes in 2011 will be increased to 200 lbs and will continue to be ignited in metal burn pans.  If 
meteorological conditions permit (e.g., wind speed and cloud cover), up to 300 lbs can be tested in a single 
charge.  The advantage of the larger charge size is the proportionately higher concentration of target 
analytes in the plume and the greater ease with which limits of detection can be exceeded. 
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Table A1.  Target Propellants.   

Propellant Name Propellant 
Descriptor 

Mass % Component, CAS #, Chemical formula**** 

M31A1E1 
Triple Base To be 

provided 
by DAC 

Nitrocellulose 
Nitroglycerin 
Nitroguanidine 

9004-70-0 
55-63-0 
556-88-7 

M26 

Double Base To be 
provided 
by DAC 

Nitrocellulose 
Nitroglycerin 
Barium nitrate 
Potassium nitrate 

9004-70-0 
55-63-0 
10022-31-8 
7757-79-1 

SPCF 
Single Base To be 

provided 
by DAC 

Nitrocellulose 
Lead carbonate 

9004-70-0 
598-63-0 

ANP-3196-1* Hawk 
Sustainer 

60-75 
15-20 

Ammonium Perchlorate (AP) 
Nitroguanidine 

7790-98-9 
556-88-7 

ANP-3146-1** 
Hawk 
Booster 

60-70 
15-20 

Ammonium Perchlorate (AP) 
Aluminum powder 
 

7790-98-9 
7429-90-5 

AnB-3745; ANB-
3748 (igniter)*** 

Atlas V 
Propellant 
and igniter 

67-70 
18-20 
0-1 
0-1 

Ammonium Perchorate (AP) 
Aluminum Powder 
Triphenyl Bismuth (TPB) 
Iron Oxide (in igniter) 

7790-98-9 
7429-90-5 
603-33-8 
1309-37-1 

* Information obtained from AEROJET MSDS NO. 501, Revision 5.   
** Information obtained from AEROJET MSDS NO. 500, Revision 3 
*** Information obtained from AEROJET MSDS NO. 13003, Revision 3 
****Composition of propellants limited to propellants, explosives, and pyrotechnic (PEP) materials and 
Metals 
 
 
Changes to the Flyer 
 
A number of advances were made to the sampling instrumentation package, or the “Flyer.”  Two Flyers now 
exist, “Orville” and “Wilbur.”  Both consist of a lightweight, aluminum frame structure which replaced the 
solid aluminum structure of the original Flyer.  Orville was outfitted with a telemetry system to transmit data 
to a handheld station.  Orville’s telemetry system enables the ground crew to monitor CO2 concentration, 
battery life, and pressure drop across a filter.  These data allow maximization of flight time and optimization 
of collection by avoiding premature battery changeouts or battery depletion and allowing for filter changes 
when plugged.  Orville was used in July 2010 when monitoring the in situ oil burns at the BP Gulf oil spill. 
 
Wilbur lofts a computer and control software in lieu of the telemetry system.   This computer enables data 
storage like the original Flyer but also allows the sampling to be controlled from the ground and allows the 
incorporation of multiple triggers.  These multiple triggers, for example, allow one to loft multiple summa 
canisters and trigger, or open, them at different CO2 concentrations.   
 
A number of other changes are included in both systems.  The Ni-Cd batteries were replaced with Li-ion.   
The 6 L summa canister was replaced with a lighter 1L canister.  The semivolatile blower was replaced with a 
unit that has about four times the flowrate of the old system, up to about 650 L/min.  An electrochemical 
cell for real time CO was added.  Continuous PM samplers and black carbon samplers are also optional.   
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New Target Analytes 
 
Section 3.2 “Analytes and Process Measurements” of the QAPP is amended to include additional analytes 
and their measurements as well as changes (shown in italics) in Table A2.  Emissions to be measured in 2011 
will include CO2, CO, PM10 and PM2.5, metals (e.g., Pb, Al, and Ba), VOCs, SVOCs, HCl, ClO4

-, and other 
chlorinated compounds. 
 
 

Table A2. Target compounds and sampling and analysis methods (new methods or 
changed methods in italics). 

Target 
Compound 

Sampling Method Sampling Rate Analysis 

VOCs TO-15 Summa 30 s (from 2-3 
L/min) GC/LRMS 

SVOCs TO-13, PUF/XAD-2/PUF 650 L/min (from 
200 L/min) GC/LRMS 

PM2.5 and PM10 Filter 10 L/min Analytical Balance 

HCl Alkali-impregnated filters, silica 
gel tubes  

2-4 L/min Ion chromatography 

Carbon monoxide EPA Method 25C chemical cell 150 mL/min GC 

 
 
 
Measurement Methods for New Target Analytes 
 
Perchlorate will be sampled using a modification of the method discussed in Lamm et al. (1999).  The 
method consists of sampling at a flowrate of 2 L/min through a 37 mm mixed cellulose ester (MCE) filter (0.8 
µm pore size) enclosed in a closed-face cassette (SKC Corporation).  Perchlorate salts are captured as a solid 
on the filter, which assumes no perchloric acid formation.  Cassette samples will be dissolved/extracted in 
water, an internal standard added, and then analyzed for perchlorate with LCMS and chloride with ion 
chromatography as per U.S. EPA SW-846 Method 6850.   Samples will be analyzed at Columbia Analytical 
Services (CAS, NY).   
 
The detection limit for perchlorate is cited as 0.004 µg/filter by CAS (NY).   For the purposes of determining 
required sampling volumes and times to reach perchlorate detection levels, we first assume 100% 
preservation of the original perchlorate composition as a best case boundary condition and dilution at the 
Flyer sampler at the ratio observed for C to CO2 during the 2010 tests.  Calculations were done using M7 
propellant, containing 8 weight percent potassium perchlorate, as this was indicated early on as a candidate 
for the testing.  The average 2010 sampled concentration of CO2 from M1 was 460 ppm (against a 
background of ~ 390 ppm) from a carbon fraction of 30 wt percent in the propellant.  From these ratios, the 
maximum possible concentration of perchlorate we can expect in the M7 plume would be 80 ppm (124 
mg/m3).  At a sampling rate of 2 L/min, we could expect to collect 0.25 mg/min.  When compared against a 
reported detection limit of 0.004 µg/filter, the required sampling time to reach detection is significantly less 
than 1 sec.  As of February 2011, the expected perchlorate propellants contain >60% ammonium 
perchlorate, considerably more than the M7 we used for these calculations. Even if only ca. 5% of the 
original perchlorate is released intact and is diluted to levels below 80 ppm in the plume, sampling for 
detectable perchlorate should be relatively fast. 
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The perchlorate may also degrade into chlorine which could react with alkaline earth metals, either within 
the propellant or entrained from the surrounding soil, to form a metal chloride.  Lindsay et al. (1999) noted 
that HCl could readily be absorbed by entrained soil as well as aluminum oxide from the propellant.  These 
metal chlorides will be captured on the initial perchlorate filter and analyzed by ion chromatography from 
the same filter.  
 
We also will sample for formation of HCl.  Methods for sampling HCl are primarily derived from those 
intended for sampling inhalable HCl to relate to exposure risk.  Silica gel collection methods such as NIOSH 
Method 7903 (NIOSH 1994) may undersample HCl mist, as particle size collection characteristics on the silica 
gel sorbent tube do not match the inhalable convention (Howe et al., 2006).   While there are considerable 
questions relating to the relevance of these methods to the inhalable particle/droplet size (Howe et al., 
2006), our effort is more concerned with complete capture and quantification.  HCl will be sampled in 
parallel using alkali-impregnated filters following the perchlorate filter  and silica gel tubes as per Lindsay et 
al. (1999).  HCl gas is expected to pass through the perchlorate/chloride filter and be adsorbed by a second, 
quartz filter coated with Na2CO3.  These coated filters are available in a cartridge from SKC Corporation.   Any 
hydrochloric acid transiently collected on the initial filter is expected to rapidly evaporate and be collected 
along with the gaseous HCl (Howe, et al. 2006).  This method, including a prefilter followed by a Na2CO3-
impregnated quartz filter, is consistent with a method from France (INRS, 2002), as cited in Howe et al. 
(2006).   
 
Numerous tests on the prefilter/ Na2CO3-impregnated quartz filter method were covered by Howe et al., 
(2006).  They examined pre-filter HCl vapor capture and breakthrough potential.  The former did not exceed 
0.4% and the latter were all non-detect after collection of 47 to 62 µg of chloride on the alkaline filters.  The 
pre-filter did have a propensity to collect significant HCl when doped with Fe, Fe2O3, or ZnO suggesting an 
underestimation of HCl from the Na2CO3-impregnated quartz filter alone when in the presence of 
propellants metals (e.g., Al from Atlas Igniter propellant) or plume-entrained soil.  The extent to which this 
may relate to our work is uncertain; the experiments of Howe et al. did not control for the amount of dopant 
on the filter. 
 
This filter will be analyzed for HCl by ion chromatography methods specified in EPA Method 26.  The limit of 
detection for this method is 4 µg/filter (CAS, NY).  Assuming that all of the M7 propellant’s perchlorate 
becomes HCl, and assuming a dilution ratio consistent with the 2010 dilution of CO2, we anticipate a 
maximum possible HCl concentration of 30 ppm or 45 mg/m3.  Lindsay et al. (1999) noted that their silica gel 
tube method did not detection gaseous HCl at levels above 6.5 mg/m3 (the background contamination level 
of the silica gel tubes).  At a sampling flowrate of 2 L/min, we will need 2.4 s to reach the 4 µg/filter level, 
assuming a concentration of 30 ppm HCl in the plume.  If our plume HCl concentration is actually seven 
times lower than 30 ppm, equivalent to the 6.5 mg/m3 background level noted by Lindsay et al., this will be 
compensated by the higher Cl concentration in our targeted propellants as compared to M7.  Nonetheless, 
we anticipate sampling for approximately 300 s (one day) to obtain a composite sample for HCl analysis. 
 
The perchlorate prefilter and Na2CO3 filter both will be analyzed for target analytes prior to sampling at 
Tooele in order to establish contamination levels.  Ambient air background levels will be determined for 
perchlorate, chloride, and HCl.  Moller and Acker (2007) found HCl concentration maxima around noon of 
0.1 µg/m3, dropping 10-fold at night.  They also found an average of 50% of  the total Cl  mass as gas-phase 
HCl. 
 
In 2010, only PM10 was collected for dust loading and metal analysis.  In 2011, PM2.5 and PM10 sampling will 
be performed simultaneously using two 47 mm tared Teflon filters each with a  SKC Leland Legacy sample 
pump with a constant airflow of 10 L/min. The internal flow sensor measures flow directly and acts as a 
secondary standard to constantly maintain the set flow. The volume display is continually updated, based on 
corrected flow rate multiplied by sampling time. The pump operation is controlled by  
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the CEM CO2 trigger circuit. The SKC Leland Legacy Sample pump will be calibrated before and after the 
sampling campaign, with a Gilibrator Air Flow Calibration System (Scientific Instruments), which is a 
primary standard airflow calibrator.  

PM will be measured gravimetrically as the difference between final and tare masses for each filter. The 
weighing of the filters will follow the procedures described in (40 CFR Part 50, 1987). Calibration for 
determining mass of conditioned media will be performed as described in Quality Assurance Guidance 
Document 2.12 (USEPA, 1998). The PM collected on Teflon filters will also be used to determine 
concentrations of target metals such as Pb and Al. EPA Compendium Method I0-3.3 (USEPA, 1999c) 
specifies the analysis by energy dispersive x-ray fluorescence spectrometry (EDXRF). This method is 
compatible with particulate on filters, is quite sensitive for metals, and is non-destructive. This means that 
the PM and substrate survive the analysis intact and may be archived or analyzed by other methods.  
Select PM samples from non-metal-containing propellants will be sampled for metals to determine 
whether the burn pans arere sources of residual metal carryover.   
 
Carbon monoxide will be sampled continuously using a semi-real time monitor.  An onboard CO sensor 
(Creative Solutions RCO1000) will measure CO concentration by means of an electrochemical cell through 
CO oxidation.  Output is linear from 0 to 1000 ppm at an operating RH range of 15-90%.  The RCO 1000 will 
be calibrated in the EPA Metrology Laboratory prior to departure at 0 to 100 ppm with +- 2 ppm error using 
EPA method 3A (2008).  CO measured by flow through chemical cell will be corroborated by the 
measurement of a sample taken from the Summa canister system and analyzed via gas chromatography. 
 
2010 Measurements 
 
Other measurements conducted in 2010, such as VOC analysis (e.g., benzene) and SVOC analysis (e.g., 
naphthalene) will be repeated in 2011 tests.   In general, emission factors determined in 2010 agreed well 
with published data.  Additional tests in 2011 will serve the primary purpose of defining the range and 
variability of the sampling/analytical methods.  These data will be useful if the DoD wishes to further 
establish methods that will be used in future regulatory- or permit-related testing. 
 
One change to the 2010 analyses will be the inclusion of additional semivolatiles including nitroaromatic 
energetics.  CAS (NY) will analyze for nitroglycerin (when present in the propellant) by high performance 
liquid chromatography (EPA Method 8332).   Nitrocellulose can be analyzed by a total nitrogen method, but 
is probably not sufficiently sensitive for our samples, so will not be targeted.  Additional commercial 
analytical sources are still being sought at the time of this writing.  EPA will analyze for nitroaromatics 
(nitrotoluene and nitrobenzene) and PAHs by a EPA Method 8270.  The method is modified by use of 
selective ion monitoring (SIM) with GC/LRMS  to get lower detection limits, inclusion of nitrotoluene as a 
target analyte, and adjustment of the extraction volumes or dilution of the extract to get concentrations 
inside the calibration range.  NitroPAHs will not be analyzed.   
 
 
Ash 
 
After each 6-pan burn series, the propellant ash will be collected and weighed.  Samples of ash will gathered 
from the burn pans for each propellant type and analyzed for original constituent metals such as Pb and Ba 
and residual energetics.  Non-Pb- and non-Ba-containing propellant ash will also be examined to ascertain 
the potential for carryover between propellants. Limited PM filters from non-metal-containing propellants 
will likewise be analyzed for metal carryover.   
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Test Matrix 
Our plan is to sample approximately 18 burns per day (three series of six pans with 200 lbs each), providing 
for 300+ seconds of sampling per day (the 2010 average was 17 sec per burn).  The order of the propellant 
testing is dependent on the arrival an availability of propellant at Tooele, which was still to be determined as 
of 3/12/2011.    Table 3-4 of the original QAPP is amended as follows: 
 

AP1, AP2 = ammonium  or potassium perchlorate (TBD)  #1, #2; NA = not applicable; SB = single base; DB = double base; TB = triple base; 
OD = open detonation. 

Cl Matrix for Each AP Propellant 
Four six-pan series will be tested for primary analytes (bold) and secondary analytes using the cartridge and 
silica methods in parallel as follows: 
 Cartridge Method Silica Method 
# pans, wt MCE filter H2SO4-treated 

filter 
Na2CO3-treated filter MCE filter Silica gel 

tube 
6* 200 lbs Perchlorate, 

chloride 
– HCl, perchlorate – HCl 

6* 200 lbs Perchlorate, 
chloride 

Cl2 HCl, perchlorate  Perchlorate, 
chloride 

HCl 

6* 200 lbs Perchlorate, 
chloride 

– HCl – HCl 

6* 200 lbs Perchlorate, 
chloride 

 HCl, HCl (2 filters in 
series) 

Perchlorate, 
chloride 

HCl 

 

Day 
Propellant Pans*Wt ClO4, Cl, HCl VOC, 

Summa  
Semi-volatiles, 

PUF/XAD-
2/PUF 

PM2.5, PM10, 
metals CO and CO2 

1 Type Series*pans* 
weight 

Field blank Field blank Field blank Field blank Background 
(upwind) 

Background 
(upwind, 
lofted) 

Background 
(upwind, 
lofted) 

Background 
(upwind, lofted) 

Background 
(upwind, lofted) 

Background 
(upwind, 
lofted) 

2, 3 AP1 2*6*200 lb  @ 12 Pans X @ 6 Pans X 

4*6*200 lb @ 6 Pans 
(see below) 

 X @ 6 Pans, PM2.5 
only 

X 

4, 5 SB 3*6*200 lb NA @ 12 Pans X @ 12 Pans X 

3*6*200 lb X 

6, 7 DB 3*6*200 lb NA @ 12 Pans X @ 12 Pans X 

DB 3*6*200 lb X 

8, 9 TB 3*6*200 lb NA @ 12 Pans X @ 12 Pans X 

TB 3*6*200 lb X 

10,1
1 

AP2 2*6*200 lb  @ 12 Pans X @ 6 Pans X 

4*6*200 lb @ 6 Pans 
(see below) 

 X @ 6 Pans, PM2.5 
only 

X 

12,1
3 

backup       

14 OD tests Trial survivability tests for aerostat with shrapnel detonations 

15  cleanup       
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The combination of these methods will allow us to compare the cartridge and silica methods for HCl 
(quantity and variance of data), determine perchlorate concentration and analyze for perchlorate vapor 
“slip” onto the Na2CO3 filter, evaluate chloride deposition on the MCE filter, look for HCl breakthrough, and 
evaluate the presence of Cl2.   
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Introduction 
 
This is an addendum to the QAPP entitled “Determination of Emission Factors from Open Burning and Open 
Detonation of Military Ordnance” relating to additional work scheduled for the Summer and Fall of 2011.   In 
2010 the Department of Defense’s Strategic Environmental Research and Development Program (SERDP) 
awarded second year funding to further pursue development of methods for emission characterization of 
open burning of military propellants.  This additional work focused on multiple propellant types including an 
ammonium perchlorate (AP) propellant with target analytes of perchlorate, chloride, and hydrogen chloride 
from the Cl-containing propellants.  Methods for sampling these Cl-based analytes were derived from indoor 
and personal sampling methods and were covered in a previous addendum dated April, 2011.  This field 
sampling was apparently successful, but the tests were limited in number.   Further, the potential for 
breakthrough of the analytes could not be assessed based on the setup used at Tooele.   The scope of this 
additional work relates to further testing of the same sampling methods detailed in Addendum #1.  This 
additional testing will allow methods development with parallel samplers, control of flow rates, sample size, 
and simultaneous methods evaluation.  The work on HCl testing will be done at the US EPA facilities at 
Research Triangle Park and the AP burns will be done at the U.S. Navy’s Naval Surface Warfare Center 
(NSWC) in Indian Head, Maryland.  The work at NSWC is being sponsored by the U.S. Army Defense 
Ammunition Center (DAC). 
 
 

Schedule 
 

June 24, 2011 Draft QAPP Addendum submitted to EPA with 
copies to U.S. Army DAC and NSWC 

July 1, 2011 QAPP reviewed and approved. 
July 12, 2011 HCl testing at RTP or AP testing at NSWC 
August 8 or 15, 2011 Alternate date for AP testing at NSWC 
October 7, 2011 Draft report/paper to DAC and to EPA review 
November 30, 2011 Final report/paper 

 
 

Method 

HCl Sampling 
Methods for sampling HCl are primarily derived from those intended for sampling inhalable HCl to relate to 
exposure risk.  Methods consist of a filter method (ISO Method 21438-2) and silica gel tube method (NIOSH 
1994).  Tests done with HCl at the EPA’s RTP laboratories will evaluate the sorptive capacity and 
breakthrough limits of an alkali-impregnated filter and silica gel methods. 
 
HCl will be sampled in parallel using 1) alkali-impregnated filters following a solid perchlorate filter  and 2) 
silica gel tubes as per Lindsay et al. (1999).  HCl gas is expected to pass through the first perchlorate/chloride 
filter and be adsorbed by a second, quartz filter coated with Na2CO3.  These coated filters are available in a 
cartridge from SKC Corporation.   Any hydrochloric acid transiently collected on the initial filter is expected to 
rapidly evaporate and be collected along with the gaseous HCl (Howe, et al. 2006).  This method, including 
the prefilter followed by a Na2CO3-impregnated quartz filter, is consistent with a method from France (INRS, 
2002), as cited in Howe et al. (2006) and became a European standard method 2009 (ISO Method 21438-2).    
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Silica gel collection methods such as NIOSH Method 7903 (NIOSH 1994) may undersample HCl mist, as 
particle size collection characteristics on the silica gel sorbent tube do not match the inhalable convention 
(Howe et al., 2006).   While there are considerable questions relating to the relevance of these methods to 
the inhalable particle/droplet size (Howe et al., 2006), our effort is more concerned with complete capture 
and quantification.   
 
The NIOSH silica gel tube method is written based on flowrates of 0.2-0.5 L/min.  Because of the brief time 
available to sample rocket plumes in the field, a faster volumetric sampling rate, up to 1.5 L/min, is desired.  
However, we need to test the breakthrough capacity in order to guard against falsely low measurements in 
the field.     
 
The work covered here will involve feeding known concentrations of HCl gas through the filter cassette (SKC 
model  225-9005) and silica gel tube while measuring breakthrough versus flowrate and concentration.  HCl 
gas will be metered via a mass flow controller and will target concentrations seen in the field during 
sampling (ca. 20 ppm).  Feed HCl gas will be monitored at the beginning of the test and exit gas will be 
monitored throughout the test with the Bodenseewerk analyzer.   These tests will determine the ability of 
the NIOSH method to extend to higher flowrates without breakthrough.  A few tests will be monitored with 
Draeger diffusion tubes (1.3 – 200 ppm) in anticipation of their use at subsequent Indian Head tests.  Test 
conditions are shown in the table below.   
 
Table 1. HCl test matrix (work done at RTP, NC). 

Method Flow rate 
(L/min) 

HCl concentrations 
(ppm) 

Time (min) 

ISO Method 21438-2, 
filter method 

4 N2 only 1 

 4 N2 only 5 
 4 < 20 1 
 4 < 20 5 
 4 50 1 
 4 50 5 
 10 N2 only 1 
 10 N2 only 5 
 10 < 20 1 
 10 < 20 5 
 10 50 1 
 10 50 5 
NIOSH Method 7903, 
silica gel tube method 

1.5 N2 only 1 

 1.5 N2 only 5 
 1.5 < 20 1 
 1.5 < 20 5 
 1.5 50 1 
 1.5 50 5 

   
 
Select filters may be analyzed for HCl by ion chromatography methods specified in EPA Method 26 as a 
check.  These analyses will likely be performed by CAS (NY) as with the Tooele Year 2 samples; their limit of 
detection for this method is 4 µg/filter.  
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Perchlorate, Chlorate, Chloride 
Sampling 
A single type of ammonium perchlorate (AP, over 65% by 
mass) propellant available at NSWC Indian Head will be 
tested in their facilities.  A small amount (5 to 25 g) of AP 
will be burned in an enclosed, vented hood (see photo).  
The hood is approximately 48 ft3 in size.  Its emissions are 
vented to the outside.  The emissions from the AP burn will 
be sampled by EPA with up to four samplers at once, testing 
the two different methods, the filter-based ISO method and the silica gel NIOSH method.  The ventilation 
rate of the hood will be reduced during the burns to increase the residence time of the AP gases within the 
hood, allowing for greater capture by the samplers.  The target analytes will include perchlorate, chlorate 
ion, HCl, and chloride salts.  The samplers will be those used in the April 2011 Tooele testing (Figure 1). 
 
 
 

 

 

Figure 1. Sampling apparati for HCl, perchlorate, and chlorate.  Method 1 (ISO 21438-2) followed by a second 
additional CO3 filter at the left and method 2 (NIOSH 7903), followed by a CO3 filter, at the right.  

 
Perchlorate will be sampled using a modification of the method discussed in Lamm et al. (1999).  The 
method consists of sampling at a flowrate of 2 L/min through a 37 mm mixed cellulose ester (MCE) filter (0.8 
µm pore size) enclosed in a closed-face cassette (SKC Corporation).  Perchlorate salts are captured as a solid 
on the filter, which assumes no perchloric acid formation.  Cassette samples will be dissolved/extracted in  

MCE filter

CO3 impregnated 
MCE filter

Inlet

Outlet

CO3 impregnated 
MCE filter

Inlet

Outlet

FilterSilicaMethod 1 Method 2 
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water, an internal standard added, and then analyzed for perchlorate with LCMS and for chloride with ion 
chromatography as per U.S. EPA SW-846 Method 6850.   Samples will be analyzed at Columbia Analytical 
Services (CAS, NY).   
 
The detection limit for perchlorate is cited as 0.004 µg/filter by CAS (NY).   For the purposes of determining 
required sampling volumes and times to reach perchlorate detection levels, we used the chlorate ion 
emission factor derived at Tooele 2011, 1.0 E-06 g/g ClO3-.  In order to reach 5 or 10 times the method 
reporting limit with a propellant size of 5 g we need to sample for 4 or 8 minutes, respectively, with a flow 
rate of 4 L/min.  Table 2 shows the test matrix including the similarly calculated sampling times to reach 5 or 
10 times the detection levels. 
 
We also will sample for formation of HCl using the filter and silica gel tube methods indicated above during 
the Indian Head tests.   HCl will be sampled in parallel using alkali-impregnated filters following the 
perchlorate filter  and silica gel tubes as per Lindsay et al. (1999).  HCl gas is expected to pass through the 
perchlorate/chloride filter and be adsorbed by a second, quartz filter coated with Na2CO3.  These coated 
filters are available in a cartridge from SKC Corporation.  This filter will be analyzed for HCl by ion 
chromatography methods specified in EPA Method 26. 
 
Ambient air background levels will be determined for perchlorate, chloride, and HCl.   
 
Table 2. Perchlorate, chlorate, and HCl Test Matrix 
Method Propellant 

amount (g) 
Flow rate 
(L/min) 

Time 
(min) 

X ClO4/3 
Det Limit 

Lamm et al. (1999) and   5 4 4 5 
ISO Method 21438-2 5 10 2 5 
 5 4 8 10 
 25 4 2 10 
 25 10 1 10 
 Background 4 60?  
 Background 10 60?  
NIOSH Method 7903 5 1.5 2 NA 
 25 1.5 1 NA 
 Background 1.5 60?  
Background sampling times to achieve the detection limit are unknown. 
NA = HCl values only can be determined. 
 
The combination of these methods will allow us to compare the cartridge and silica methods for HCl 
(quantity and variance of data), determine perchlorate concentration, analyze for perchlorate vapor “slip” 
onto the Na2CO3 filter, evaluate chloride deposition on the MCE filter, and look for HCl breakthrough.   
 
The sampling times in Table 2 rely on our preliminary emission factors determined at Tooele in 2011 and so 
assume that the small scale AP tests at Indian Head will yield Cl species in a proportionate manner.   Another 
confounding factor is the evacuation rate of the Indian Head chamber.   To guard against these unknowns, 
CO2 will also be monitored in the Indian Head chamber to monitor pollutant depletion using the same Li-
COR sampler as used at Tooele.  Further assurance of the target levels inside the chamber will be 
determined qualitatively by monitoring HCl using Draeger diffusion tubes.  The sampling times will be 
adjusted accordingly to achieve the desired ratio above the detection limit.    
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Appendix D: Data for Each Sample Collected 
 
All EFs are ambient air background corrected. 
 
Table D1. Number of samples collected for each propellant type. 

Propellant type PM2.5 PM10 SVOC VOC HCl/perchlorate/chlorate 

M31A1E1 3 3 2 4 0 
M26 2 2 1 5 0 
SPCF 2 2 2 3 0 
Sparrow Rocket Motor 0 1 1 1 2 

 
 
 
Table D2. SVOC Emission factor for each collected sample. 

 
M31A1E1 
lb/lb Carbon 

M31A1E1 
lb/lb Carbon 

M26 
lb/lb Carbon 

SPCF 
lb/lb Carbon 

SPCF 
lb/lb Carbon 

AP Static 
lb/lb Carbon 

Nitrobenzene 5.6E-06 2.5E-06 1.4E-07 ND ND ND 
Nitrotoluenes 2.1E-07 ND ND ND ND ND 
Naphthalene 6.9E-06 6.5E-06 1.2E-07 7.8E-08 1.3E-07 8.4E-07 
Acenaphthylene 1.6E-07 2.6E-07 2.9E-08 8.3E-10 4.2E-08 5.3E-08 
Acenaphthene 8.8E-08 1.5E-07 8.5E-09 6.6E-09 1.2E-08 ND 
Fluorene 5.8E-07 6.0E-07 3.3E-08 1.8E-08 4.5E-08 1.6E-07 
Phenanthrene 3.2E-07 8.9E-07 6.2E-08 5.4E-08 1.5E-07 5.5E-07 
Anthracene 2.4E-08 7.3E-08 3.8E-09 2.2E-09 1.3E-08 5.7E-08 
Fluoranthene 3.3E-08 1.3E-07 1.7E-08 1.2E-08 2.9E-08 1.9E-07 
Pyrene 2.5E-08 1.0E-07 1.2E-08 9.5E-09 2.3E-08 ND 
Benzo(a)anthracene ND ND ND ND ND ND 
Chrysene ND ND ND ND 9.3E-09 ND 
Benzo(b)fluoranthene ND ND ND ND ND ND 
Benzo(k)fluoranthene ND ND ND ND ND ND 
Benzo(a)pyrene ND ND ND ND ND ND 
Indeno(1,2,3-cd)pyrene ND ND ND ND ND ND 
Dibenz(a,h)anthracene ND ND ND ND ND ND 
Benzo(ghi)perylene ND ND ND ND ND ND 

ND = Not detected, ND values were ignored when calculating the EFs.  Detection Limit- The concentration of a compound where 
the peak height is 2.5 times the height of the peak-to-peak noise, see Table D3 for detection limits. 
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Table D3. SVOC concentration and concurrent amount of carbon  in each sample.* 

 Ambient 
air M31A1E1 M31A1E1 M26 SPCF SPCF 

AP  
Static 

 ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 ng/m3 

Nitrobenzene ND 
[0.13] 

1439 
[3.6] 

762 
[11] 

33 
[3.2] 

ND 
[3.1] 

ND 
[9.6] 

ND 
[25] 

Nitrotoluenes ND 
[0.33] 

55 
[8.8] 

ND 
[28] 

ND 
[7.8] 

ND 
[7.6] 

ND 
[23] 

ND 
[61] 

Naphthalene 0.57 
[0.017] 

1790 
[0.46] 

1996 
[1.4] 

28 
[0.41] 

17 
[0.39] 

31 
[1.2] 

48 
[3.2] 

Acenaphthylene 0.072 
[0.038] 

42 
[1.0] 

81 
[3.2] 

6.9 
[0.91] 

0.25 
[0.88] 

9.7 
[2.7] 

3.0 
[7.1] 

Acenaphthene 0.072 
[0.022] 

23 
[0.60] 

45 
[1.9] 

2.0 
[0.53] 

1.4 
[0.51] 

2.9 
[1.6] 

ND 
[4.1] 

Fluorene 0.23 
[0.019] 

149 
[0.51] 

184 
[1.6] 

8.0 
[0.45] 

4.0 
[0.44] 

11 
[1.4] 

9.0 
[3.5] 

Phenanthrene 0.45 
[0.011] 

84 
[0.28] 

274 
[0.9] 

15 
[0.25] 

12 
[0.24] 

36 
[0.75] 

32 
[2.0] 

Anthracene 0.024 
[0.012] 

6.1 
[0.31] 

22 
[1.0] 

0.91 
[0.28] 

0.50 
[0.27] 

2.9 
[0.83] 

3.2 
[2.2] 

Fluoranthene 0.078 
[0.044] 

8.6 
[1.2] 

40 
[3.7] 

4.0 
[1.1] 

2.6 
[1.0] 

6.7 
[3.2] 

11 
[8.2] 

Pyrene 0.054 
[0.022] 

6.6 
[0.60] 

31 
[1.9] 

2.9 
[0.53] 

2.1 
[0.52] 

5.5 
[1.6] 

ND 
[4.1] 

Benzo(a)anthracene ND 
[0.031] 

ND 
[0.85] 

ND 
[2.7] 

ND 
[0.75] 

ND 
[0.73] 

ND 
[2.2] 

ND 
[5.8] 

Chrysene ND 
[0.026] 

ND 
[0.69] 

ND 
[2.2] 

ND 
[0.61] 

ND 
[0.59] 

2 
[1.8] 

ND 
[4.8] 

Benzo(b)fluoranthene ND 
[0.022] 

ND 
0.60] 

ND 
[1.9] 

ND 
[0.53] 

ND 
[0.52] 

ND 
[1.6] 

ND 
[4.1] 

Benzo(k)fluoranthene ND 
[0.045] 

ND 
[1.2] 

ND 
[3.8] 

ND 
[1.1] 

ND 
[1.0] 

ND 
[3.2] 

ND 
[8.4] 

Benzo(a)pyrene ND 
[0.046] 

ND 
[1.2] 

ND 
[3.8] 

ND 
[1.1] 

ND 
[1.0] 

ND 
[3.2] 

ND 
[8.4] 

Indeno(1,2,3-cd)pyrene ND 
[0.033] 

ND 
[0.89] 

ND 
[2.8] 

ND 
[0.79] 

ND 
[0.76] 

ND 
[2.3] 

ND 
[6.1] 

Dibenz(a,h)anthracene ND 
[0.049] 

ND 
[1.3] 

ND 
[4.1] 

ND 
[1.2] 

ND 
[1.1] 

ND 
[3.5] 

ND 
[9.1] 

Benzo(ghi)perylene ND 
[0.0056] 

ND 
[0.15] 

ND 
[0.48] 

ND 
[0.13] 

ND 
[0.13] 

ND 
[0.40] 

ND 
[1.0] 

Carbon (mg/m3) NA 257 306 232 216 231 56 
* ND=Not detected, detection limit within parentheses. NA – not applicable.   
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Table D4. PM EF for each collected sample, in lb/lb NEW.* 
 Sample # PM2.5 Sample # PM10 

M31A1E1 1 3.5E-03 1 4.5E-03 

 2 3.2E-03 2 3.5E-03 
 3 4.0E-03 3 3.9E-03 

M26 1 1.1E-02 1 1.1E-02 

 2 1.2E-02 2 1.1E-02 

SPCF 1 1.5E-02 1 1.4E-02 

 2 1.5E-02 2 1.5E-02 

AP Static 1 NS 1 1.5E-01 
*NS – Not Sampled. 
 
Table D5. PM concentration and amount carbon collected in each sample.* 

 Sample # PM2.5 Carbon  Sample # PM10 Carbon  

  µg/m3 mg/m3  µg/m3 mg/m3 

M31A1E1 1 5174 
[24] 265 1 6522 

[24] 265 

 2 5576 
[25] 319 2 6192 

[25] 319 

 3 6850 
[24] 314 3 6802 

[24] 314 

M26 1 11771 
[17] 279 1 11742 

[17] 279 

 2 7345 
[24] 155 2 6675 

[24] 155 

SPCF 1 11703 
[14] 207 1 11155 

[14] 207 

 2 12475 
[11] 219 2 12475 

[11] 219 

AP Static 1 NS NS 1 32909 
[91] 24 

Ambient air 1 17 
[0.41] NA 1 15 

[0.41] NA 
* NS – Not Sampled. Detection limit within parentheses. NA – not applicable. 
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Table D6. Metal EF for each collected sample, in lb/lb NEW.* 

 Sample 
# 

PM2.5 

K 

PM2.5 

Ba 

PM2.5 

Pb 
Sample 

# 
PM10  

K 

PM10 

Ba 

PM10 

Pb 

PM10 

Al 

PM10 

Fe 

PM10 

Mo 

M31A1E1 1 7.0E-04 NA NA 1 7.5E-04 NA NA NA NA NA 

 2 8.4E-04 NA NA 2 9.0E-04 NA NA NA NA NA 
 3 9.3E-04 NA NA 3 9.8E-04 NA NA NA NA NA 

M26 1 1.8E-03 2.5E-03 NA 1 1.8E-03 2.6E-03 NA NA NA NA 

 2 1.7E-03 2.5E-03 NA 2 1.7E-03 2.6E-03 NA NA NA NA 

SPCF 1 2.3E-03 NA 6.0E-03 1 2.3E-03 NA 6.0E-03 NA NA NA 

 2 2.5E-03 NA 6.3E-03 2 2.5E-03 NA 6.3E-03 NA NA NA 

AP Static 1 NS NS NS 1 8.2E-04 NS NS 1.2E-02 5.3E-03 4.9E-03 
* NS=Not sampled. NA=Not analyzed. 
 
 
Table D7. Metal concentration in each collected sample in µg/m3.* 

 Sample 
# 

PM2.5 

K 

PM2.5 

Ba 

PM2.5 

Pb 
Sample 

# 
PM10  

K 

PM10 

Ba 

PM10 

Pb 

PM10 

Al 

PM10 

Fe 

PM10 

Mo 

M31A1E1 1 1020 
[4.8] NA NA 1 1093 

[4.8] NA NA NA NA NA 

 2 1468 
[4.9] NA NA 2 1574 

[4.9] NA NA NA NA NA 

 3 1598 
[4.9] NA NA 3 1693 

[4.9] NA NA NA NA NA 

M26 1 1976 
[3.4] 

2751 
[0.55] NA 1 1993 

[3.4] 
2854 
[0.55] NA NA NA NA 

 2 1066 
[4.8] 

1520 
[0.77] NA 2 1073 

[4.8] 
1571 
[0.77] NA NA NA NA 

SPCF 1 1853 
[2.8] NA 4769 

[2.8] 1 1824 
[2.8] NA 4811 

[2.8] NA NA NA 

 2 2113 
[2.2] NA 5307 

[2.2] 2 2113 
[2.2] NA 5362 

[2.2] NA NA NA 

AP Static 1 NS NS NS 1 182 
[18] NS NS 2739 

[54] 
1172 
[7.3] 

1082 
[7.3] 

Ambient air 1 0.43 
[0.083] 

ND 
[0.013] 

ND 
[0.083] 1 0.47 

[0.083] 
0.052 

[0.013] 
ND 

[0.083] 
1.3 

[0.25] 
0.24 

[0.033] 
ND 

[0.033] 
* ND=Not detected, detection limit within parentheses. NS=Not sampled. NA=Not analyzed. Amount of carbon collected for each 
sample is shown in Table D5. 
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Table D8. VOC EF for each collected sample in lb/lb Carbon.* 

 Sample # Benzene Toluene Ethylbenzene Xylene 1,2,4-
Trimethylbenzene 

M31A1E1 1 8.6E-06 3.4E-04 4.3E-05 2.4E-04 6.0E-05 

 2 3.8E-06 2.1E-05 4.8E-06 2.8E-05 8.6E-06 
 3 4.4E-06 7.4E-05 1.3E-05 7.8E-05 2.6E-05 
 4 2.9E-05 5.0E-04 2.8E-05 1.6E-04 4.1E-05 

M26 1 1.2E-05 1.7E-06 ND 9.9E-06 7.2E-06 

 2 1.4E-05 2.4E-05 9.8E-06 6.3E-05 2.1E-05 

 3 1.6E-05 BBL ND 4.1E-05 3.2E-05 

 4 3.2E-06 2.0E-07 ND 3.2E-06 1.5E-06 

 5 ND 9.0E-07 ND 1.1E-05 8.6E-06 

SPCF 1 ND 5.8E-06 8.7E-06 7.4E-05 1.2E-04 

 2 ND 2.7E-06 ND 8.6E-06 5.0E-06 

 3 ND BBL ND ND 7.0E-06 

AP Static 1 ND 4.1E-05 ND 1.1E-04 5.6E-05 
* ND = Not detected, see Table D9 for detection limits. BBL = Below background level. 
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Table D9. VOC, CO2 and CO concentration in each collected summa canister sample.* 

Sample # Benzene Toluene Ethyl-
benzene 

m,p-
Xylene 

o-
Xylene 

1,2,4-
Trimethyl-

benzene 
CO2 CO 

  µg/m3 µg/m3 µg/m3 µg/m3 µg/m3 µg/m3 ppmV ppmV 

M31A1E1 1 1.1 
[0.53] 

44 
[0.57] 

5.5  
[0.53] 

22  
[1.1] 

8.9  
[0.57] 

7.7 
[0.57] 

670 
<8.8> 

ND 
<8.8> 

 2 1.1  
[0.58] 

7.1 
[0.62] 

1.4  
[0.58] 

5.8  
[1.2] 

2.4  
[0.62] 

2.5  
[0.62] 

1,000 
<9.6> 

ND 
<9.6> 

 3 1.2 
[0.58] 

21 
[0.63] 

3.4 
[0.58] 

15 
[1.2] 

6.2 
[0.63] 

6.9 
[0.63] 

960 
<9.7> 

ND 
<9.7> 

 4 3.0 
[0.43] 

53 
[0.47] 

2.9 
[0.43] 

12 
[0.90] 

4.6 
[0.47] 

4.2 
[0.47] 

620 
<7.2> 

ND 
<7.2> 

M26 1 3.6 
[0.48] 

1.6 
[0.52] 

ND  
[0.48] 

1.9 
[1.0] 

0.97 
[0.52] 

2.1 
[0.52] 

1,000 
<8.1> 

ND 
<8.1> 

 2 1.8 
[0.56] 

4.3 
[0.61] 

1.3 
[0.56] 

5.8 
[1.2] 

2.5 
[0.61] 

2.8 
[0.61] 

680 
<9.4> 

ND 
<9.4> 

 3 0.69 
[0.56] 

0.88 
[0.60] 

ND 
[0.56] 

1.2 
[1.2] 

0.60 
[0.60] 

1.4 
[0.60] 

500 
<9.3> 

ND 
<9.3> 

 4 3.1 
[0.57] 

1.3 
[0.62] 

ND 
[0.57] 

2.1 
[2.1] 

1.0 
[0.62] 

1.5 
[0.62] 

2,400 
<9.6> 

ND 
<9.6> 

 5 ND 
[0.68] 

1.3 
[0.74] 

ND 
[0.68] 

1.6 
[1.4] 

0.82 
[0.74] 

1.9 
[0.74] 

860 
<11> 

ND 
<11> 

SPCF 1 ND 
[0.56] 

1.7 
[0.60] 

0.90 
[0.56] 

4.8 
[1.2] 

2.8 
[0.60] 

12 
[0.60] 

620 
<9.3> 

ND 
<9.3> 

 2 ND 
[0.62] 

2.0 
[0.67] 

ND 
[0.62] 

2.0 
[1.3] 

0.91 
[0.67] 

1.7 
[0.67] 

1,100 
<10> 

ND 
<10> 

 3 ND 
[0.54] 

1.1 
[0.59] 

ND 
[0.54] 

ND 
[1.1] 

ND 
[0.59] 

1.3 
[0.59] 

790 
<9.1> 

ND 
<9.1> 

AP Static 1 ND 
[0.50] 

1.5 
[0.54] 

ND 
[0.50] 

1.1 
[1.0] 

ND 
[0.54] 

0.55 
[0.54] 

430 
<8.3> 

ND 
<8.3> 

Ambient air         1 ND 
[0.51] 

1.1 
[0.56] 

ND 
[0.51] 

ND 
[1.1] 

ND 
[0.56] 

ND 
[0.56] 

410 
<8.6> 

ND 
<8.6> 

* ND=Not detected, detection limit within parentheses. Method reporting limit within arrows. 
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